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Abstract
Increasing demand of aquacultural products is driving the industry toward more intensive
culture practices. Aquacultural operations are constrained by limitations on the
availability high quality waters and regulatory pressures on the discharges. Recirculating
systems can address these issues by reducing the amount of water required in the
operation. Closed systems are especially suited where biosecurity is important. In closed
systems, nitrate accumulates, limiting the time the water can be reused. In marine inland
systems, water reuse reduces the cost of salt for make up water. To increase the water
reuse time, some form of nitrate removal process must be incorporated in the system. The
most common is bacterial denitrification with addition of a carbon source. Water soluble
carbon sources must be carefully dosed, as excesses facilitate the production of toxic
sulfides.
In this work a solid non-soluble bioplastic (polyhydroxyalkanoate) was used as a carbon
source and bacterial support media in a self controlled denitrification process. The
average denitrification rates were 2.38±0.51, 2.49±1.09, 3.19±0.79 and 2.94±0.72 Kg
NO3-N/m3-0, 5, 15 and 30 ppt salinity respectively. These rates are in the range of those
reported in the literature with other materials. The degradation of the bioplastic increased
its content of CH3 and CH2 as determined by FTIR. A tendency to increase with the
molecular weight of the plastics was observed but the difference was not significant. In
the short term no BOD increase was observed in the anoxic systems. After 18 months
around 500 mg/l organic carbon was accumulated. Oxygen limits the denitrification
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process, but some denitrification occurred even at high bulk dissolved oxygen (>5.5
mg/l). A five cell model was developed to simulate a denitrification plug flow reactor.
The Root mean squared error of the prediction was less than 20%. The model can be used
as a management tool in PHA based denitrification in upflow filters for sizing and
management of the denitrification unit.
The denitrification process using PHA as a carbon source and support media is feasible
and as the PHA prices are reduced. PHA is a viable alternative for a solid-non water
soluble, self controlled denitrification system.

xii

Chapter 1 General Introduction
Recirculating aquaculture may eventually become a dominant production mode since
it allows for a better control of the culture conditions and the possibility of year round
production (Jamu and Ayinla, 2003; Watanabe et al., 2002; Buckling et al. 1993;
O’Rourke, 1990; Losordo et al., 1989). These systems are particularly suitable in species
and organisms having development stages that require high quality water (Fielder and
Allan, 1997; Rakocy and McGinty, 1989). In the last years, the use of aquatic species for
biochemical production and biomedical research such as zebrafish and medaka (Zon and
Peterson, 2005; Hutchinson et al., 2003; Sarmasik, 2003; Ma et al., 2001; Driever, et al.,
1994; Streisinger et al., 1981) has increased. The number of genetically modified
organisms available for these purposes is increasing. The culture of these species requires
strict isolation, to prevent release and avoid contamination and disease. Totally closed
recirculating aquaculture systems will have a definitive advantage over other aquaculture
strategies for these purposes (Turk et al., 1997). Additionally, recirculating systems
conserve heat. Water reuse after clean up by physical and biological filtration reduce the
consumption of water. Further regulations controlling the discharge of wastewater to
natural water bodies will encourage producers to adopt methods that are environmentally
friendlier (White et al., 2004).
The larvae of marine organisms are very susceptible to diseases and demand high
water quality (Goldburget al., 2001; Davies, 1990). The fecundity of most marine species
and the high value associated with fingerlings and marine ornamentals diminishes the
impact of waste processing.
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The high retention times associated with closed recirculating systems cause an
increase in the concentration of nutrients, particularly nitrates (Colt, 2006; Van Rijn,
1996) that can rapidly limit water reuse. In some marine and freshwater organisms, lethal
and sub-lethal effects of high concentrations of nitrates have been documented
(Environment Canada, 2003; Burgess, 1995). Aquatic organisms’ sensitivity to nitrates
varies during their lifespan. Larvae and broodstock are the most sensitive stages
(NGSOWP-CDECO, 2003). Marine systems are particularly impacted by this problem,
since discharges can be subject to strict environmental regulations and artificial salts lost
in discharge waters are often costly to replace.
In freshwater systems, concern with high nutrient concentrations in aquaculture
waters is that discharges can contaminate the potable water supplies. High nitrates can
result in harmful effects in sensitive individuals and babies, as is the case of
methemoglobinemia. There is an increasing concern that consumption of water
containing high nitrate may lead to some forms of cancer (Weyer et al., 2001; NAS,
1981). This relationship between health problems and consumption of nitrate
contaminated water led environmental agencies such as US Environmental Protection
Agency to regulate nitrate concentration standards. The limit of nitrate plus nitrite was set
at 10 mg NOx-N/ L for drinking water, and its control is considered priority (USEPA
2002; USEPA, 1999).
Denitrification has been identified as one of the major problems facing aquaculture
filtration technology (Lee et al., 2000). Most recirculating systems lack an anaerobic
component for the control of nitrate concentrations (Van Rijn et al., 1996). Although
nitrate is less toxic than ammonia or nitrite, increasing retention times in recirculating
aquaculture led to higher concentration of this nutrient in the water. These concentrations
2

have undesirable effects in some aquatic species, especially in sensitive stages of
development.
Denitrification systems often use of external carbon sources and electron donors such
as methanol or carbohydrates (Van Rijn, 2006). Most of these carbon sources are water
soluble, so dose control is required for their use (Lee et al, 2000). An excess of carbon
leads to toxic sulfide production. A solid non water soluble carbon source as a base for a
self regulating denitrification system requires less supervision and has a lower risk of
carbon release while improving the quality of the water in recirculating aquaculture
systems.
1.1 Goals and Objective
The aim of this study was to develop a self controlled denitrification strategy based
on the degradation of a non water-soluble polyhydroxyalkanoate (PHA). Preliminary
results indicate that nitrate is needed for the release of carbon from PHAs. Although the
cost of PHAs is higher than for methanol, the simplified control and safety of the
denitrification system based on polyhydroxyalkanoates can make this option appealing
for aquaculture facilities.
To meet the primary objective the denitrification rates with polyhydroxyalkanoates
were measured to demonstrate the feasibility of a polyhydroxyalkanoate (PHA) based
denitrification reactor. Denitrification rates with different molecular weights PHA media
were obtained. Effects of salinity on the denitrification rates were evaluated. A model for
the nitrate reduction process was developed and calibrated for one of the PHA media
supplied by Metabolix, Inc. The average consumption of PHA during denitrification was
determined for the economic evaluation of the process. The bioplastic used for the model
3

was characterized by termogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and infrared spectroscopy (FTIR) to determine the changes of the material during
the denitrification process. The effluent water from the denitrification process was
analyzed for presence of PHA, to determine if the bioplastic was being released to the
water.
1.2 Literature Review
1.2.1 Nitrates
Nitrates in recirculating systems result from the oxidation of nitrogenated waste,
mainly ammonia, produced by the cultured organisms during the protein digestion and
food residues. Nitrate production is directly related to the amount of food supplied to the
system and the oxidation of the residual nitrogenated compounds by bacteria, such as
Nitrosomonas and Nitrobacter (Losordo et al., 1998). The ammonia production is
dependant of the amount of food, protein content and rate of ammonia excretion. In
general, an estimated 1 kilogram (2.2 lb) of ammonia nitrogen is produced per 45 kg of
feed (100 lb). This ammonia is oxidized to nitrate, and builds up in the system if no water
exchange is provided (Masser et al, 1999). This oxidation takes placed in two stages, the
first one, from ammonia to nitrite takes place according to the following equation:
-

NH 3 + O2 → NO2 + 3H + + 2e -

This step is carried out by several genera of bacteria, such as Nitrosococcus,
Nitrospira, Alcaligenes and most commonly Nitrosomonas. The second step is carried
out mainly by bacteria of the genera Nitrobacter, and also Nitrospira, Nitrococcus,
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Nitrospira, Nitrosolobus, Nitrovibrio and others (Bartosch et al., 1999; Teske et al.,
1994), according to the following equation:
-

-

NO2 + H 2 O → NO3 + 2H + + 2e -

These genera represent autotrophic bacteria, but heterotrophic and mixiotrophic
genera have been also identified among the nitrite oxidizers (Zemskaya et al., 2001;
Bartosch et al., 1999).
The effects of excess nitrates on aquatic species have been documented and can
range from slower growth, susceptibility to diseases, and retardation in development, to
low fertility and poor survival. In some marine and freshwater organisms, lethal and sublethal effects of high concentrations of nitrates have been documented. 50 mg-NO3-N/l is
a generally accepted safe limit for nitrate nitrogen in fish cultures but different species
and development stages react differently to this Nitrate concentration. The reported LC50
for freshwater organisms ranges from 5 to 2,107 mg-N/l of nitrate, with amphibians and
invertebrates as the most sensitive groups. In marine species the ranges are 2.2 to 5,050
mg-N/l of nitrate with larvae and broodstock as the most sensitive stages (NGSOWPCDECO, 2003).
Elevated nitrate levels have also been linked to reduced disease resistance and a poor
reproductive performance. Marine white spot disease has been found to be linked to
nitrate concentrations above 30 mg-NO3-N/l (Prescott, 1997; Burgess, 1995). A nitrate
concentration of 100 mg-N/l was clearly of lethal toxicity to medaka fish (Oryzias
latipes) when they were exposed to nitrate in both adult and the growing phases. Nitrate
concentrations above 75 mg-N/l reduced the fertilization rate, delayed the hatching time,
reduced the hatching rate of the eggs and decreased the growth rate of juveniles. In
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addition, nitrate accumulations as low as 50 mg-N/l remarkably retarded spawning and
lowered the number of eggs laid by fish exposed in the juvenile phase. The effects on the
reproduction system may be initiated by a low concentration, approximately 30 mg NO3N/l (Shimura et al., 2002).
1.2.2 Nitrate Removal Strategies
There are several strategies reported in the literature for nitrate removal in
recirculating water treatment. The routes can be assimilatory, with incorporation of
nitrate to organic nitrogen, or dissimilatory, by ammonification or denitrification (Fig.
1.1). In ammonification, nitrate is transformed to ammonia, while in denitrification is
reduced to nitrogen gas (Barak et al, 1998; Kelso et al 1997; Koike and Hattori, 1978).
Nitrogen removal can be accomplished before nitrification gets to the nitrate stage, by the

Assimilation

Assimilatory

NO3→Organic Nitrogen

Nitrate
Reduction
Ammonification
NO3 →NO2 →NH3

Dissimilatory
Denitrification
NO3 →NO2 →NO →N2O →N2

Figure 1.1 Assimilatory and dissimilatory nitrate reduction pathways, mediated by
bacteria.
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annamox process, which is based in partial oxidation of ammonia to nitrite and
subsequent reduction of nitrite to nitrogen. This process is very sensitive to nitrate
accumulation and the bacteria that intervene in it recover very slowly from nitrite
overload (Fux et al., 2004), but can be successfully applied if the oxygen levels are
carefully controlled or the biofilm layer is maintained in a boundary oxic-anoxic
condition (Helmer et al., 2001). The most common strategy for nitrate removal in
recirculating aquaculture systems is bacterial denitrification, with addition of a carbon
source.
1.2.3 Denitrification
The denitrification process is a traditional tool used to reduce nitrogen pollution in
agricultural, domestic, and industrial wastewater streams that may induce eutrophication
of surface waters. Bacterial denitrification is a form of respiration in which bacteria uses
nitrogen oxides as a source for oxygen. In heterotrophic dissimilatory denitrification,
electrons released by bacterial oxidation of organic carbon are transferred to the nitrogen
atom within the nitrate molecule, which acts as a terminal electron acceptor, through a
series of steps until inert nitrogen gas is produced. Although autotrophic and mixotrophic
bacteria capable of using nitrate as electron acceptor have been identified (Güven et al.,
2005; Kuypers et al., 2005; Kim et al., 2004; Kim et al., 2002; Oh et al., 2001), most of
the bacteria that perform this process are heterotrophs, and usually facultative anaerobes,
that can use nitrogen oxides when free oxygen is not present (Fig. 1.2). It is through this
anoxic process, that requires different enzymes and cytochromes not present during
aerobic respiration, that the nitrogen oxides can be reduced to a final N2 form (Van Rijn
and Barak, 2000; Brdjanovic et al., 1999). In contrast to the assimilatory pathway of
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nitrate reduction, which produces ammonium for biosynthesis under aerobic conditions,
denitrification ultimately removes available nitrogen from an aquatic ecosystem.
The dissimilatory denitrification process takes place mainly under anoxic or near
anoxic conditions, as the use of oxygen as an electron acceptor (Fig. 1.2) is more
favorable energetically to the heterotrophic bacteria (Zumft, 1997).
The reactions occurring in the anoxic transformations are:
NO3+ + 2e- + 2H+

Dissimilatory Nitrate Reductase

→ NO2- + H2O

(1.1)

NO2- + e- + 2H+ Dissimilatory Nitrite Reductase→ NO + H2O

(1.2)

NO + e- + H+ Dissimilatory Nitric Oxide Reductase → 1/2 N2O + 1/2 H2O

(1.3)

1

(1.4)

/2 N2O + e- + H+ Dissimilatory Nitrous Oxide

Reductase

→ 1/2 N2 + H2O

The nitrate and nitrite reductases are membrane bound enzymes that can be
deactivated by the presence of oxygen, either by direct inhibition of its synthesis or by

Figure 1.2 Energy yield and redox potential for different electron
acceptors in respiration processes(values of redox are uncorrected)
(After Van Rijn, 1996 and Lee et al, 2000)
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deactivation of a transcription controlling protein through the breakdown of the sulfur
iron cluster necessary for its transcription (Wood et al., 2001; Zumft, 1997; Korner and
Zumft, 1989; Alefounder and Ferguson, 1980). The enzymes that take part in the
denitrification process are present in a diversity of bacteria belonging taxonomically to
various subclasses of Proteobacteria. Denitrification also extends to the halophilic and
hyperthermophilic branches of Archaea and certain fungi. Some of the bacteria groups
capable of performing these transformations are Pseudomonas (Park and Park, 2001),
Brevundimonas, Agrobacterium, Achromobacterium, Phylobacter (Boley et al. 2001) and
in the first step of the process, E. coli (Xu et al. 2000, Iuchi et al. 1994). Most of the
denitrifying bacteria are heterotrophic and that need an organic source of electrons.
Zumft (1997) describes some autotrophic denitrifiers, capable of utilizing hydrogen
(Ralstonia, Paraccocus, Pseudomonas), sulfur compounds (Thiobacillus, Thioploca,
Beggiatoa), or nitrite and ammonia (Nitrobacter, Nitrosomonas) as an electron donor.
These genera are capable of utilizing carbon dioxide as a carbon source for the
denitrification process. Starub et al. (1996) found that three unidentified strains (BrG1,
BrG2, ToN1) of gram-negative bacteria as well as bacteria from the genus Thiobacillus
and Pseudomona can oxidize ferrous iron using nitrate as electron acceptor.
A number of approaches have been used for nitrate removal in recirculating
aquaculture, including partial water exchanges that only dilute the nitrate concentration,
releasing the excess to the environment. In recent years annamox or anaerobic
ammonium oxidation (Dapena-Mora et al., 2004; Shivaraman and Shivaraman, 2003; )
has attracted some attention. Denitrification is commonly used in aquaculture. The
process can be carried out in activated sludge (Cytryn et al., 2003; Shnel et al., 2002; Van
Rijn, 1996) or in attached growth reactors, using a substrate for biofilm growth (Ahn,
9

2006; Healy et al., 2006; Laurin et al., 2006; Ovez and Yuksel, 2006; Ovez, 2006;
Saililing, 2005; Oh et al., 2001; Vredenberg et al., 1997). Denitrification of wastewater
and recirculating aquaculture water is normally controlled by careful dosing of a carbon
source such as acetate, ethanol, starch, sludge or most commonly methanol (Kaiser and
Schmitz, 1988). If the nitrate levels fall too low because of the carbon dosing, then highly
toxic sulfides can be produced (Whitson et al., 1993). The denitrification rates achieved
by different strains of bacteria can vary widely under the same environmental condition.
This makes the process difficult to control. Sophisticated computer systems are often
demanded to control the process when a soluble carbon source is used (Lee et al., 2000).
To address the management issues of soluble carbon dosification, some efforts have been
directed towards the use of solid substrates such as polycaprolactone (PCL) and
polyhydroxyalkanoates (PHB), in fresh water systems (Boley and Muller, 2005; Khan et
al., 2002; Boley et al., 2000)
The optimal C:N ratio reported in previous works is highly variable. Baldestorn and
Sieburth (1976) found that the optimal C:N rate for denitrification with methanol was
1:1, with the process decreasing as the feed rate deviates from these numbers. Also, they
found that the ratios are not significantly modified with salinity up to 18 ppt. MohseniBandpi and Elliott (1998) found that the carbon:nitrogen ratios for denitrification vary
from 2.35 to 4.3 depending on the carbon source. Tseng et al, 1998 recommend a ratio of
5.1 to 9.1 for complete denitrification. Gosh (2005) found that rates as high as 29:1 were
needed in aquatic environments for complete denitrification. The consumption rate of
carbon found by different authors varied with the characteristics of the water being
treated and the bacterial species participating in the process from 0.45 mg to 33.0 VSS/
mg NO3-N (Carrera et al., 2003; Boley, 2000; Kuai and Verstraete, 1998; Siegrist and
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Gujer, 1994). Boley et at. (2000) found that the average PHB consumed was 2.7 mgC/mg-N converted.
The rate of denitrification can be modified by changes particularly extreme (e.g.
less than 10 and more than 30˚ C). Carreta et al. (2003) found that the temperature
coefficient for the denitrification rate is 1.10 for temperatures between 10 and 25ºC and
1.37 in the range of 6 to 10ºC. Hirashi and Khan (2003) found that the optimal range for
denitrification with powder PHBV is between 15-30ºC. The research efforts in this area
have shown the high variability of the process and the dependency on environmental and
biological factors (Healy et al., 2006).
1.2.4 Polyhydroxyalkanoates
Polyhydroxyalkanoates (PHAs) are a family of
biodegradable thermoplastic polymers (polyesters)
originally produced naturally by a limited number
of bacteria as part of their energy storage
mechanisms (Williams and Peoples, 1996; Peoples
et al., 1989). In fact, the discovery of poly(3hydroxybutyrate) (PHB, one homopolymer member
of the PHA family) in bacteria dates back to 1925

Figure 1.3 E. coli with PHA
granules as energy reserves
(Metabolix, 2000).

and Maurice Lemoigne (Lemoigne, 1926 as cited in Marchessault and Yu, 2002). Most
bacteria accumulate PHB as a response to some stressor (Marchessault and Yu, 2002), in
most cases a nutrient limitation. Natural PHA producers can utilize the stored PHA as an
energy source, when external carbon sources decrease. PHA can be produced in
genetically modified bacteria (Williams and Peoples, 1996) that lacks the enzymes
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needed to utilize the PHA (Fig. 3). Metabolix, Inc. a Massachussets based company, has
several patents on the use of genetically modified Escherichia coli for the production of
polyhydroxyalkanoates. This company produces PHA in small scale with aim to
commercialization.
Different types of PHA can be produced, depending on the species of bacteria, its
specific enzymes and the substrate in which they grow. There are numerous combinations

Figure 1.4 General structure of polyhydroxyalkanoates (Ojumu et al., 2004)
of monomers characterized by chain length, type of functional group and degree of
unsaturated bonds (Fig 1.4). The functional groups control the physical and chemical
properties, the greater the unsaturation, the more elastic qualities that are exhibited. Each
formulation has its unique degradation characteristics, controlled by the length of the
chain and the size and nature of the side groups (Ashby et al., 2001). The majority of the
research to date dealing with production and degradation of PHAs has focused on
polyhydroxybutyrate (PHB), which is a short chain length homopolymer (Ackermann
and Babel, 1998; Choi and Lee, 1997) and the most commonly produced by natural PHA
synthesizing bacteria. Some commercialization research has been performed on the
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copolymer P(3HB-3HV) (Rossini et al., 2001; Ushio et al., 1998) and in general in short
chain polyhydroxyalkanoates. Recent research efforts have expanded to include medium
chain PHAs (Nomura et al., 2005; O’Leary, 2005; Gordon et al., 2004; Ho et al 2002).
The use of a solid substrate as a carbon source for bacterial metabolism requires that
carbon is made available in a form that can be assimilated by the bacteria. Aboutboul et
al. (1995) reported COD to NOx-N consumption ratios in the range of 3.2 to 8.5. The rate
at which the bioplastic releases carbon, is directly related to its biodegradation
characteristics, that is a plastic that degrades faster, will have higher carbon availability.
The degradation rates are controlled by environmental factors, characteristics of the
polymer and the enzymes intervening in the process. Manna et al. (1999) found that the
optimum temperature for degradation of PHB was 30ºC in soil samples. With respect to
polymer characteristics, Nishida and Tokiwa (1993) found a negative correlation between
crystallinity and molecular weight of the polymer and its degradation rate. Abe and Doi
(2001), mention the length of the side chains, crystallinity and surface area.
The PHA bioplastics decomposed into different products, which may also be utilized
by the bacteria. The degradation products of some formulations of PHA have been
studied mainly in laboratory conditions with specific strains of degrading organisms
(Sugiyama et al., 2004; Hakkarainen, 2001; Kleeber et al., 1998; Jaeger et al., 1995) but
consist mainly of non toxic hydroxyacids. Complete degradation includes the utilization
of these acids by the degrading bacteria (Abe and Doi, 2001) to release CO2 and water. If
oxidation is incomplete, as occurs commonly in anaerobic environments, methane can
result as an end product.
For the biodegradation to take place, an electron acceptor must be available, as well
as a nitrogen source for protein synthesis. The degradation rate of some PHAs is slow
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under aerobic conditions, but is accelerated in anoxic environments (Sang et al., 2002;
Gordon et al., 2000; Imam et al., 1999; Shin et al., 1997). Bonartseva et al. (2003) found
that PHB did not degrade in anaerobic conditions in the absence of nitrate.
Solid, non soluble carbon sources such as biodegradable polymers reduce the risk of
deterioration of the effluent quality due to the release of organic carbon (Hirashi and
Khan, 2003). These polymers facilitate the formation of attached microbial film, by
providing the bacteria with a carbon rich substrate (Boley et al., 2000).The characteristics
of the PHA as a non-water soluble organic compound that needs an electron acceptor, a
nitrogen source, and the presence of bacteria with the appropriate enzymes for its
degradation, makes it a suitable candidate for media and carbon source in a passive auto
controlled denitrification unit for recirculating aquaculture systems.
This work is presented in manuscript form. The first chapter is a general introduction
and literature review. In the second chapter, an overview of biological filters and their
freshwater and marine applications are presented. In the third chapter, denitrification
rates with polyhydroxyalkanoates were measured to demonstrate the feasibility of a
polyhydroxyalkanoate (PHA) based denitrification reactor. Denitrification rates with
different molecular weights PHA media were obtained. Effects of salinity on the
denitrification rates were evaluated. The average consumption of PHA during
denitrification was determined. In the fourth chapter the bioplastic used for this research
was characterized by termogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and infrared spectroscopy (FTIR) to determine the changes of the material during
the denitrification process. The effluent water from the denitrification process was
analyzed for presence of PHA, to determine if the bioplastic was being released to the
water. In the fifth chapter a model for the nitrate reduction process was developed and
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calibrated for the PHA media. The sixth chapter presents a global discussion and the
conclusions of the research. The literature cited in all the work is presented after chapter
six.
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Chapter 2 Biological Filters in Aquaculture: Trends and Research
Directions for Freshwater and Marine Applications1
2.1 Introduction
Over the last two decades, aquaculture has gone through major changes, growing
from small-scale homestead-level activities to large-scale commercial farming, exceeding
landings from capture fisheries in many areas (NACA/FAO, 2001; National Research
Council, 1992). While output from capture fisheries grew at annual average rate of 1.2
percent, output from aquaculture (excluding aquatic plants) grew at a rate of 9.1 percent.
The latter is a faster rate than any other animal food producing systems such as fisheries
and terrestrial farmed meat (FAO, 2003). This growth is expected to continue as the
population grows and the per capita consumption of seafood increases while other protein
sources consumption decreases. As an example, fish consumption per capita increased 24
percent from 1970 to 1998, legumes increased 13 percent as egg and meat consumption
had a net decrease (USDA/ERS, 1999).
The need to increase aquacultural production is driving the industry toward more
intensive practices. Some of the factors that influence this trend are: limitations in quality
and quantity of water, availability and cost of land, limitations on water discharges and
environmental impacts. Recirculating technologies help minimize these issues. A
recirculating aquaculture facility reduces water demands and discharges by
reconditioning of water (Goldburg et al., 2001). Better food conversions are achievable
with a recirculating aquaculture system (RAS) which means less waste is generated by
the feed (Losordo et al., 1998). In recent years, there has been a growing concern over

1
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the impacts of aquaculture operations (Johnson et al., 2004, Cranford et al., 2003; ;
Harache 2002; Naylor et al., 2000; Buschmann et al. 1996). It is estimated that 85% of
phosphorus, 80–88% of carbon, 52–95% of nitrogen (Wu, 1995) and 60% of mass feed
input in aquaculture will end up as particulate matter, dissolved chemicals, or gases
(Masser et al 1999). Increasing regulatory pressure focusing on discharges to natural
water bodies will force producers to adopt methods that are environmentally friendlier
(White et al., 2004). RAS technology can reduce the effluent waste stream by a factor of
500-1000 (Timmons et al., 2001; Chen et al., 1997). Thus, recirculating technologies may
allow existing operations to upgrade and expand and comply with future regulations.
Recirculating systems have been identified as one of the two main research areas in
aquaculture (NOAA, 2001) and as one of the proposed research areas for the European
Union (Martin, 2002). The most prominent characteristic of these production systems is
the presence of a biofilter, which reflects a commitment to internally treat water
contaminated by dissolved organics and ammonia rather than discharge them, as in the
case of net-pens and flow-through systems, or to treat them extensively as in the case of
pond production. This paper reviews the implications of the changing use of recirculating
systems on biofiltration technologies for freshwater and marine systems with the
intention of assisting researchers and biotechnologists in selection of research topics.
2.2 Freshwater
The feasibility of raising freshwater species to market size in recirculating systems
has been demonstrated (Buckling et al., 1993; Broussard and Simco, 1976).

RAS

systems have the advantage of temperature control which opens the door for year around
production (Funge-Smith and Phillips, 2001; Lazur and Britt, 1997). Recirculation can
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be an economic alternative when energy costs associated with temperature control and
pumping requirements are otherwise high. Buckling et al., (1993) working in an
ornamental fish production facility calculated that the average RAS savings in energy for
heating and pumping was $0.96 per pound of fish produced. Seasonality of tilapia
production from southern ponds was a major factor encouraging the development of RAS
tilapia production in the United States. The catfish and eel production facilities found in
the Netherlands also exist, in part, because of the heating advantages presented by RAS
systems (Kamstra et al., 1998; Bovendeur et al; 1987).
Water use issues are also rapidly becoming a strong factor driving the adoption of
recirculating technologies. Varadi (2000) discusses the increasing pressures being placed
upon the world’s freshwater supplies.

Major recirculating developments being

undertaken in support of hybrid striped bass production in the deserts of California in the
western United States (Carlberg et al 2003) and similar work in Israel are being driven by
underlying water resource issues (Barak and van Rijn, 2000). Additionally, urbanization
brings with it increased water use demands. The ornamental fish industry in relatively
wet Florida is experiencing severe water use restrictions as a result of the population
growth in the Orlando-Tamps area. Asano et al (2003) describes an even more severe
water resource threat to Hawaii’s ornamental fish industry which is prompting an
examination of RAS technologies. Likewise, water use and the underlying competition
with urban areas for this limited resource has driven a major recirculating thrust
supporting cold water production in the Northeast regions of the United States (Heinen et
al.,1996). Schuster and Stelz, (1998) also frame their description of cold water trout
recirculation designs in terms of water conservation.

Water resource limitations

increasingly are becoming a major factor in prompting RAS adoption.
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Recirculating aquaculture systems are unable to compete directly with pond or flowthrough systems producing freshwater commodity food fish. This is the main obstacle
for a wider adoption of RAS technologies (Malone, 2002; Losordo and Westeman, 1994;
Timmons and Losordo, 1994;). The water reconditioning burden borne by the
recirculating systems renders them less competitive in the low priced fish market.
Losordo (1998) reports an investment cost of $0.90 dollars per pound of annual
production for pond systems, compared to $1.00 to $4.00 dollars for recirculating
systems. When all costs are considered in the U.S., a native foodfish can be raised in a
pond for about 2/3 the RAS price. Although the cost of recirculation will continue to
drop, and while water resource concerns and environmental regulations will continue to
threaten flow-through strategies, pond culture will likely remain the most cost effective
production mode for commodity food product. RAS systems are, however, proving them
a complement to pond culture and are gradually being accepted as a useful tool. A wide
variety of successful strategies that have been identified for fingerlings and broodstock
(Rakocy and McGinty, 1989) and given the relative higher prices, that can go from $5.00
to $40.00 per pound of fingerlings (Hinshaw and Thompson, 2000; Davies and Locke,
1997; Hinshaw et al., 1990;) the time of recovery of a higher capital cost can be reduced.
Recirculating systems play an important role in environmental and biomedical
research with the adoption of some aquatic species, like the zebrafish (Zon and Peterson,
2005; Ma et al., 2001; Driever, et al., 1994; Streisinger et al., 1981) and medaka
(Hutchinson et al., 2003; Sarmasik, 2003) among others, as model animals for research.
Areas such as genetics, molecular studies, mutagenesis, teratogens evaluation,
transgenics production, endocrine disruption and vertebrate development require a
reliable supply of these organisms in optimal condition. The high level of population
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control in closed systems minimizes the introduction of uncontrolled diseases and
unknown effects.
RAS biofilter technologies can be divided in two main categories: fixed film
(attached growth) in which a media is provided for the microorganisms to attach and
grow, and suspended growth in which the microorganisms are maintained in suspension.
Most of the biofiltration on recirculating systems has been focused on aerobic, fixed film
filters (Lekang and Kleppe, 2000; Sandu et al., 2002; Malone and Beecher, 2000; Singh
et al., 1999; Greiner and Timmons, 1998; Westerman et al., 1996; DeLosReyes and
Lawson, 1996; Wortman and Wheaton, 1991) in which a substrate is provided for the
growth of a biofilm that utilizes oxygen to convert ammonia and nitrites to nitrates, and
oxidize organic matter. Recently, interest in other biofiltration alternatives, such as the
suspended growth systems (Avnimelech 2000; Van Wyk et al., 1999) has increased.
These systems are used extensively in wastewater treatment, but the higher level of
management needed for their operation has slowed their incorporation in aquaculture.
Suspended growth systems have been considered unstable and associated with poor water
quality by the general aquaculture community. The inability of fixed film systems to
meet the economic expectations will, however, force revalidation of these conclusions
particularly as they apply to commodity production of hardy species.
A second way in which demands of economics are being manifested is in the
intensification of pond culture.

As engineers work to increasingly partition pond

operations (Drapcho and Brune, 2000) as a means of increasing production the distinction
between pond and RAS culture will begin to blur. The increased use of unit processes
including biofilters in direct support of ponds can be expected to continue (Tilley et al.,
2000; Van Rijn and Rivera, 1990). This work will demand that biofilters of large scale
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must be designed to treat large quantities of water with extremely low head loss and
energy consumption. Filters with these characteristics will also be in demand to support
commodity fish production in areas where the use of genetically altered organisms, water
resource and land limitations or environmental concerns force the pond like systems
indoors (Lutz, 1997).
Finally, although the freshwater RAS biofilter industry must now be considered
reasonably mature, the introduction of biofiltration technologies from the much larger
water and wastewater industry can be expected to continue. This was recently evidenced
by fairly rapid dissemination of moving bed reactors into the RAS industry, a technology
whose development was largely supported by the water and wastewater industry (Zhu
and Chen, 1999; Odegaard et al., 1994). It is only a matter of time, until approaches such
as the Biological Aerated Filters or BAF (Mann et al., 1998) and airlift reactors (Seo,
2001; Garrido et al., 1997;) experience a similar pattern of introduction. These continued
introductions will have to be evaluated and compared against currently popular
biofiltration options.
2.3 Marine
Concurrent with the technological evolution of recirculating systems, the aquaculture
industry is in a state of transition. The world fisheries harvest has reached a plateau and
future increases in seafood demand must be supplied by aquatic farming. Marine fish and
shellfish dominate the world fisheries landings (FAO, 2003;) so we can expect a dramatic
increase in the farm production of marine species.
The applicability of RAS technologies to production of marine species has been
amply demonstrated. (Davis and Arnold, 1998; Manthe et al., 1988; 1985) but the
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commercial production has been limited by a number of factors (Mozes et al., 2003).
Lisac and Muir (2000) report a production cost 19% lower for offshore facilities
compared with land based extensive operations. This basic observation would appear to
drive RAS systems into a support role for ponds and net-pens operations (Funge-Smith
and Phillips, 2001).
In the saltwater arena, it appears that recirculating systems will play an important
role in the production of healthy, properly sized fingerlings for stock out in net-pens or
ponds (Fielder and Allan, 1997). Recirculating systems are very compatible with the
complex nature of reproduction in marine species and the broodstock fecundity of most
marine species diminishes the impact of waste processing costs.

The high values

associated with fingerlings and marine ornamentals will also promote adoption of
recirculating technologies (Howerton, 2001, Kholer, 2004, Palmtag and Holt, 2001).
Reliable supply of fingerlings is a bottleneck for the commercial production of marine
species such as sea bass, sea bream, flatfish and cobia among others (Schwartz et al.,
2004; Watanabe et al., 1998). The higher market prices of marine fishes make this an
attractive niche for recirculating systems.
RAS adoption for larvae, fry and fingerling production is also driven by biosecurity
issues (Pruder, 2004; Otoshi et al., 2003; Turk et al., 1997;). Water recirculation
dramatically reduces the possibility of pathogen introduction (Davies, 1990; Goldburg et
al., 2001). As an example, the shrimp culture production requires separate installations
for the maturation and breeding, with shallow tanks, low density (5-7 shrimp per square
meter), and fatty, high protein food. High biosecurity is critical to prevent introduction of
diseases that have plagued the shrimp industry in recent years, as the WSSP, YHV, VP,
IHHNV REO and TSV viruses. Infectious disease is currently the single most devastating
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problem in shrimp culture and presents ongoing threats to other aquaculture sectors
(FAO, 2003). The larvae of the shrimp have three distinctive stages of growth (nauplius,
zoea and mysis), with further subdivisions, all of them requiring different feeding
regimes and very high quality water, as they are very sensitive to suspended solids, and
bacterial infections.

Temperature control is critical at this stage as a few degrees

variation can delay or impede the development of the larvae and ultimately cause their
mortality. At these stages, the food supplied to the organisms is commonly cultured in
the same facilities, and consists of microalgae and zooplankton. The culture of these
feeds have different requirements, but with the same high biosecurity of the larvae
culture. At the post-larvae and juvenile phases the shrimp can be placed in ponds for the
grow-out phase.
First feeding in marine species can be a critical stage (Sahin, 2001). The early
depletion of the yolk sac, small size and immature digestive system of these larvae, make
them more vulnerable to environmental factors. In this stage, the right prey to mouth size
ratio and the composition of the food should be carefully monitored. Many marine fish
need live feeds to trigger the eating response. A slight retardation on the first food
ingestion can impair the larval development (Mercier et al, 2004).
The use of RAS for marine hatchery operations has significant implications for
biofiltration. This expanding niche will demand operations under oligotrophic regimens
(Malone and De Los Reyes, 1997) which are rarely demanded by freshwater applications.
A biofilter’s nitrification capacity is proportional to the TAN (or nitrite-N) concentration
below 1.0 mg/L (Zhu and Chen, 2001). Marine larval systems can demand TAN and
nitrite-N levels below 0.1 mg/L well below the maximum set for the oligotrophic
category (0.3 mg-N/L) used for freshwater and fingerlings in the freshwater industry
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(Malone and Beecher, 2000). The change in water quality objectives can demand a 3 or 4
fold increase in the sizing criteria for the biofilter, a change that clearly justifies the
establishment of a new “ultraoligotrophic” category. Research focused on the evaluation
and redesign of biofilters to serve this ultraoligotrophic market needs to be expanded.
A number of factors are pressuring these nursery systems further inshore away from
the coasts.

In the more developed sectors of the world, coastal lands are simply

becoming too expensive for hatchery operations. Movement inland reduces the potential
for introduction of non-indigenous species and assures to a large extent assures the
containment of genetically modified organisms. The increasing interest in genetically
modified organisms for research (Jagadeeswaran et al., 1997) and production of
biochemical products (Schultz and Dawson, 2003; Rodgers et al., 2001) has generated
concern over the impact of such organisms on the environment. Calls for effective
physical containment (Schuur, 2003; Alestrom, 1996) have resulted. The movement
inland also prevents the accidental introduction of marine parasites that may
detrimentally impact natural fisheries (Castilla et al., 2005; Peterson, 2005; Cohen, 2002,
Cohen et al., 2001) And finally, the capital intensive nurseries are more secure from
storm damage when placed inland.
The movement of the nursery systems inland creates a secondary problem with
saltwater supply and disposal which pressures the recirculating system to extend water
reuse. Hydraulic residence time (HRT) increases are normally easily accommodated;
however, declines in alkalinity and increases in the color and nitrate content of the RAS
waters must be recognized. Color buildups are largely tolerated, but, can be easily dealt
with by changes in feed and application of moderated doses of ozone (Christensen et al.,
2000), but the costs of handling the alkalinity exhaustion and nitrate accumulation in a
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system that is operated strictly in an aerobic mode are significant. The most effective
way of dealing with this problem is denitrification, a process that removes the nitrogen
from the system while replenishing the alkalinity lost in the aerobic nitrification process
(Shnel, 2002; Van Rijn and Rivera, 1990).
In some marine and freshwater organisms, lethal and sub-lethal effects of high
concentrations of nitrates have been documented. 50 mg-N/l is a generally accepted safe
limit for nitrate nitrogen in fish culture, but this concentration varies widely for different
species and development stages. The effects of excess nitrates can mean slower growth,
susceptibility to diseases, retardation in development, low fertility and poor survival. The
reported LC50 for freshwater organisms ranges from 5 - 2,107 mg-N/l of nitrate, with
amphibians and invertebrates as the most sensitive groups. In marine species the ranges
are 2.2-5,050 mg-N/l of nitrate with larvae and broodstock as the most sensitive stages
(Environment Canada, 2003).
Marine white spot disease has been linked to nitrate concentrations above 30 mg-N/l
(Burgess, 1995). A nitrate concentration of 100 mg-N/l was clearly lethal to medaka fish
(Oryzias latipes) when they were exposed to nitrate in both adult and growing phases. A
nitrate concentration of 75 mg-N/l reduced the fertilization rate, delayed hatching time,
reduced the hatching rate of the eggs and decreased the growth rate of juveniles. In
addition, nitrate accumulations as low as 50 mg-N/l remarkably retarded spawning and
lowered the number of eggs laid by fish exposed in the juvenile phase.
The denitrification process is a traditional tool used to reduce nitrogen pollution in
agricultural, domestic, and industrial wastewater streams that threaten eutrophication of
surface waters. Bacterial denitrification is a form of respiration in which bacteria uses
nitrogen oxides as a source for oxygen. Most of the bacteria that perform this process are
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heterotrophs, and usually facultative anaerobes, that can use oxides when free oxygen is
not present. It is through this process, which requires different enzymes and cytochromes
not present during aerobic respiration, that the nitrogen oxides can be reduced to a final
N2 form (Barak and Van Rijn, 2000).
The application of denitrification to aquaculture has been demonstrated (Schuster
and Stelz, 2003; ; Lee et al., 1995; Whitson et al., 1993; Kaiser and Schmitz, 1988;
Balderston and Sieburth, 1976;), although the efforts to control this phase of the process
have not been as strong as the ones directed to nitrification or solids removal, due to the
capacity of many of the freshwater cultured species to tolerate high nitrate concentrations
(Van Rijn and Barak, 1998). With the increase in the culture of marine species and the
focus on larvae and broodstock, the anaerobic component of the biofiltration will take a
more prominent position to increase water retention times, allowing a higher HRT in
sensitive species and stages.
The acclimation of biofilters, particularly in marine environments, will require
additional research, particularly in bacterial identification and population dynamics.
Previous studies have shown that an acclimation period is necessary before a biofilter
begins to operate properly (Manthe and Malone,1987). The acclimation can be achieved
by initial light loading with organism or ammonia and nitrite addition.

Normal

acclimation times can be expected to be of the order of 2-3 weeks for freshwater systems
(Masser et al., 1999). However marine systems frequently seem to stop the nitrification in
the “nitrobacter” or ammonia oxidizing stage of acclimation. It is not uncommon to see
systems with persistent nitrite accumulations for periods as long as three to four months
(Manthe and Malone, 1987). The cause for these problems remains unknown, and has
been attributed to a number of factors, such as high organic loadings (Van der Akker et
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al., 2003), or changes in salt concentration and operational parameters (Svobodova et al.,
2005; Lee et al., 2002;). The authors suspect that they are being controlled either by the
lack of proper genetic seed or by unrecognized factors influencing the establishment of
marine nitrifying populations.
2.4 Observations
1) Demand for cost effective biofilters will grow with expanded use of RAS.
Freshwater RAS systems will continue to grow in use both as a complement and
as replacement of traditional ponds.
a) Research should define the cost competitiveness of growout facilities.
b) Research should focus on filters of scale capable of low head and low
energy use operation in support of large scale facilities
c) Suspended growth systems should be re-evaluated and refined as a
biofiltration option supporting commodity fish growout
d) Research into the intensification of ponds should be supported by the RAS
biofiltration community
2) There will be an increase demand for oligotrophic and ultraoligotrophic RAS
technologies for marine nurseries.
a) Increased emphasis needs to be placed on the sizing criteria, and cost
efficiency of biofilters supporting nursery operations.
b) Problems with biofilter acclimation in marine biofilters acclimation appear
to justify the development of new acclimation procedures.
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3) Biosecurity concerns, land costs, and storm threats will force nursery systems
inland where saltwater supply and disposal concerns will force increased water
reuse.
a) Existing strategies for denitrification need to be defined and optimized to
serve the marine nursery environment

28

Chapter 3 Evaluation of Polyhydroxyalkanoates as a Carbon Source for
Recirculating Water Denitrification
3.1 Introduction
Recirculating systems traditionally have an aerobic fixed film biofiltration
component (Sandu et al., 2002; Lekang and Kleppe, 2000; Malone and Beecher, 2000;
Greiner and Timmons, 1998; DeLosReyes and Lawson, 1996; Wortman and Wheaton,
1991) in which a substrate is provided for the growth of a biofilm. The biofilm oxidizes
organic matter and converts ammonia to nitrates. Most systems lack an anaerobic
component, allowing nitrate accumulation that can limit water reuse (Van Rijn, 1996).
Eventually the nitrates can have detrimental effects, causing slower growth, susceptibility
to diseases, retarded development, low fertility or poor survival. The reported LC50 for
freshwater organisms ranges from 5 - 2,107 mg-N/l of nitrate, with amphibians and
invertebrates as the most sensitive groups. In marine species, the ranges are 2.2-5,050
mg-N/l of nitrate with larvae and broodstock as the most sensitive stages (Environment
Canada, 2003).
Several strategies have been tested in aquaculture to limit nitrate accumulation; the
two most common being simple water exchange that flushes the nitrate in the system, and
bacterial denitrification. Bacterial denitrification on marine recirculating systems has
been focused on fixed film filters (Van Rijn et al., 2006; Menarsveta et al., 2001; Park et
al., 2001; Sauthier et al., 1998). Denitrification rates are normally enhanced by a soluble
carbon source addition, such as methanol or acetate that requires a careful dosing either
by constant supervision or by controlled supply (Schuster and Stelz, 2003, Lee et al.,
1995; Whitson et al., 1993; Kaiser and Schmitz, 1988.; Balderston and Sieburth, 1976). If
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carbon is supplied in excess, it can be released to the recirculating stream and/or induce
the production of toxic sulfides in the filter as the bacteria start to utilize sulfates as
electron donors.
The management of liquid or water soluble carbon sources for denitrification
increases the cost of the process and sometimes will be overlooked in busy aquaculture
operations. A passive control system, requiring less supervision, can reduce the
management needed for its successful operation.
Polyhydroxyalkanoates (PHA), a solid, non water soluble biopolymer can be used as
an alternate self regulating carbon source, requiring less management of the system
(Boley et al, 2000).An overdose of carbon can lead to sulfate reduction as the redox
potential decrease and to the release of toxic sulfide . This will improve the quality of the
water in recirculating aquaculture systems and potentially reduce the nitrogen output
from these facilities to natural water bodies.
In this study, denitrification rates with four different polyhydroxyalkanoate (PHA)
based media, were tested in laboratory denitrification units. The suitability of PHA as a
non soluble carbon source for bacterial denitrification, particularly in recirculating
saltwater systems was explored. Denitrification rates and bioplastic consumption were
determined.
3.2 Background
Biological nutrient removal is an economical way to prevent nitrate accumulation in
recirculating aquaculture systems through bacterial denitrification. Denitrification can
reduce the amount of nitrates that are present a water body, by releasing nitrogen gas to
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the atmosphere (Brdjanovic et al., 1999). This reaction takes place according to the
following reactions:
NO3+ + 2e- + 2H+

Dissimilatory Nitrate Reductase

→ NO2- + H2O

(3.1)

NO2- + e- + 2H+ Dissimilatory Nitrite Reductase→ NO + H2O

(3.2)

NO + e- + H+ Dissimilatory Nitric Oxide Reductase → 1/2 N2O + 1/2 H2O

(3.3)

1

/2 N2O + e- + H+ Dissimilatory Nitrous Oxide

Reductase

→ 1/2 N2 + H2O

(3.4)

These reactions are
mediated by a series of
enzymes

that

can

be

affected by many factors.
The

presence

of

an

electron

acceptor

more

energy

efficient

(that

provides

more

energy),

such as oxygen, inhibits
the denitrification process
(Fig.3.1) either by direct
competition or by enzyme

Figure 3.1 Respiratory processes and relative energy yields
(values of redox are uncorrected) (After Van Rijn, 1996 and
Lee et al, 2000)

inhibition. The inhibitory effect of oxygen can take place in different enzymatic systems.
McKenney et al., (2001) found that an increase in oxygen concentration has an inhibitory
effect on the production of NO and N2O, indicating an effect in the nitrite reductases and
in the nitrous oxide reductases. In natural systems salinity has been shown to affect the
nitrogen cycle and particularly denitrification. Rysgaard et al. (1999) found that at higher
salinities the denitrification decreased. Other authors have found that certain compounds
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or elements can increase or decrease the denitrification rates, depending on their
concentration. Joye and Hollibaugh (1995) and Kemp et al. (1990) found that sulfide
limited the nitrification in shallow marine sediments. Wijma et al (2004) found a
competitive inhibition of the nitrite reductase by the hydroxyl ion at pH above 6.
The

electron

donor

used for the denitrification
process

impacts

the

conversion rates of nitrate
to nitrogen. A more readily
available

substrate

promotes higher rates. The

Figure 3.2 General formula of the major
polyhydroxyalkanoates produced by bacteria. The
R group can vary from methyl to tridecyl.
(adapted from Reddy et al. 2003.)

most commonly used carbon sources for denitrification in aquaculture are methanol,
acetate and fermented sludge. These sources are water soluble and are readily available to
bacteria, but require a careful dosing (Lee et al, 1995) to prevent the formation of toxic
sulfides (Whitson et al., 1993).The polyhydroxyalkanoates (PHAs) are a family of
bacterially produced bioplastics, non-water soluble, non-toxic (Redy et al, 2003) and
biodegradable by naturally occurring bacteria (Fig. 3.2). These bioplastics can be
produced with a wide range of physical and chemical properties that will allow them to
substitute some commodity petroleum based plastics. Metabolix, Inc., a Massachusetts
based biotechnology company, produces these bioplastics through a patented process.
Their research PHAs can be classified as a type of “refractory” organic or more simply
stated an organic that slowly breaks down in the aquatic environment. The degradation of
this plastic is mediated by extracellular PHB depolymerases, produced by groups of
bacteria that have the ability of utilize the polymer as a carbon source. Among these
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bacteria, there are several groups capable of using nitrates as electron acceptors in their
respiration processes, such as the Comamonadaceae (Khan et al, 2002), Brevundimonas
and Acidovorax (Mergaert et al, 2001). All these groups can use oxygen as an electron
acceptor and switch to nitrate when the conditions are limiting.
The rate at which the carbon is released from the carbon source depends on the
species of bacteria and of the characteristics of the source. In a non water soluble solid
carbon based system, the carbon may not be as readily available as with a water soluble
source, but its release will be directly related to the abundance of bacteria that can utilize
it and the surface area of the media. These characteristics can lead to the development as
a self regulating carbon source, requiring less management of the system (Boley et al,
2000, Boley and Muller, 2003) and reducing the risk of an overdose of carbon that can
lead to sulfate reduction and release of toxic sulfide as the redox potential decrease.
3.3 Materials and Methods.
A suite of experiments were performed to investigate the effect on denitrification
rates of a) media with different molecular weight (experiment 1), b) salinity (experiment
2), c) media bed depth (experiment 3). In experiment 1 the consumption of PHA per
gram of oxygen removed was measured. In experiment 2 the PHA consumption per unit
of nitrate nitrogen removed was estimated. All the PHAs used are polyhydroxybutyrates
(PHB).
PHA supplied by Metabolix Inc, identified as MBX-A, MBX-B, MBX-C and MBX
03-03-04-00 (referred in this work as A,B,C and W respectively) with bead volumes
greater than 15 mm3 were used in this work to determine the denitrification rates.
Preliminary experiments with a different media showed that the management of the
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reactors with beads of an average size smaller than 15 mm3was more difficult due to the
tendency of the bioplastics to clump together even with low volumes of biofilm. The
specific surface area per volume for each media (m2/m3) is presented in Table 3.1. The
experimental system consisted in four columns, 5 cm in diameter and 60 cm in length,
supplied with water from a 300 liter reservoir (Fig. 3.3).
Table 3.1 Specific surface area per unit volume (m2/m3) and molecular weight (Mw) of
the four PHA media used in this study (12 beads/media were measured for surface area).

Media
A
B
C
W

m2/m3 media
Average
st. dev
930
355.9
929
638.7
552
55.2
911
244.1

Mw
Average*
st. dev
58,344
7,091
132,123
522,702

27,753
3,545
61,799
200,268

* Data supplied by Metabolix, Inc
The first three media (A,B,C) were used to determine if there where significant
differences in the denitrification rates with different molecular weight PHAs (experiment
one) at 15 ppt salinity at room temperature (20±2 ˚C) and an initial NO3-N concentration
of 150 mg/l, in triplicate. The fourth media (W) was used to determine the denitrification
rates at four salinities (0, 5, 15 and 30 ppt) and 50 ppm of NO3-N (experiment 2) at 21.8
± 1.1˚C. This experiment was performed in triplicate and plastic consumption was
estimated in duplicate. Experiment 2 was repeated at 220 mg NO3-N /L to explore the
effects of nitrate concentration in the denitrification rates and possible substrate
saturation at these levels. No experiments were run at higher concentrations as this is
considered the limit found in aquaculture operations (Mallasen et al., 2004; Jones, 1999;
Masser et al., 1999).
Experiment 3 was performed to determine the effects of media depth on the
denitrification process and the one pass reduction rates. This system consisted of six 2.5
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cm diameter reactors 20 cm in length, connected in series with 50 ml of media in each
reactor (10 cm bed depth). Nitrate was measured after each reactor, to determine the
denitrification rate at different bed depths. The temperature was recorded at 15 minutes
intervals with a data logger in all the experiments.
The feed water for the experiments was prepared with Instant Ocean ®, with
SeaChem Reef Plus® trace nutrients solution and 0.5 ppm of phosphorus. After
acclimation, sodium nitrate was added to a fresh batch of water to obtain the desired
salinity and concentration of NO3-N. The oxygen and salinity of the mix was determined
with an oxygen meter (YSI 85) Real nitrate and nitrite nitrogen concentrations were
measured by the APHA (1998) Standard Methods 4500-NO3 E in a Dionex 275 ion
analyzer with autosampler 24 hours after mixing and the measured value was considered
the initial concentration. Samples for nitrate were taken daily. Nitrite concentrations were
also measured by the Standard Method 4500-NO2 B colorimetric method (APHA, 1998)
when the nitrate concentrations started to decrease, as the peak for nitrite is very close to
the chloride peak in
the ion analyzer and is
difficult to discern in
high salinity water.
The

flow

velocities

were

initially set according
to
Figure 3.3. Experiments 1 and 2 system diagram

the

parameters

recommended

by

Metcalf and Eddy (2003) for anaerobic reactors (60 m3/m2-d), but were modified to
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control the oxygen concentration and the media clumping in the columns. The target
oxygen concentration was <0.3 mg/l as preliminary experiments have shown low
denitrification above this value. The experiments were conducted with no illumination.
An acclimation period was allowed until denitrification was observed (2 to 7 days).
Temperatures, dissolved oxygen, and salinity were measured daily. In the few cases when
the evaporation was significant, the salinity was adjusted with deionized water and the
resulting water analyzed. Water samples were taken from the feed tank for nitrate and
nitrite determination on the first two series of experiments (nitrate reduction). The nitrate
was measured with a colorimetric kit, until the nitrate concentration began to drop. At
this point, the water was substituted for water at the same salinities and nitrate
concentration as the initial condition desired, purged with helium to minimize the
oxygen. From this point on, the nitrates were measured in the ion analyzer.
The polymer consumed per gram of nitrate nitrogen removed was evaluated
measuring the initial and final dry weight of the bioplastic, and comparing this value with
the nitrate removed. The plastic media was rinsed with deionized water to remove the
biofilm. To estimate the amount of plastic consumed during deoxygenation, the ratio of
PHA/oxygen consumed was estimated by a separate batch experiment. In this experiment
BOD bottles with a water volume of 300 ml and 1 ml of plastic were incubated at 25˚C.
The plastic weight for each bottle was recorded initially. One bottle was open daily and
the dissolved oxygen measured with a probe. The weight reduction of the plastic was
recorded each day and compared with the oxygen consumed. The average and standard
deviation of the consumed plastic was calculated.
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3.4 Results and Discussion
3.4.1 Experiment 1
Results of the denitrification experiments with the first three media (A,B and C)
showed an apparent correlation of the denitrification rate inn the exponential phase with
the molecular weight, but media W, with a much higher molecular weight did not showed
a higher denitrification rate. (Fig. 3.4). This may be due to different surface area,
crystallinity in the media W, additives in the plastic that may affect the degradation rate
or to an optimal molecular weight for denitrification that is above 130,000 but below

Nitrate conversion (kg NO 3-N/m3-day)
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Figure 3.4 Nitrate conversion with PHA of different molecular
weights (experiment 1)
Studies performed with 3 media (A,B,C) showed that the oxygen removal rate for
media A,B and C was statistically different (P< 0.0001), but the nitrate removal rate of all
media showed no significant differences. The rates obtained with all the media studied
showed that PHAs with molecular weights ranging from 7,000 to more than 500,000 can
37

support the denitrification process with similar or higher rates than those reported in
literature(Van Rijn et al.,2006; Menasveta et al., 2001;Boley et al, 2000; Khan et al,
2000)
The differences observed in the oxygen removal rates may be due to the higher
surface area of the media. As the oxygen is depleted, the bacterial biofilm grows, limiting
the impact of the surface area, on the effective available area, because as the biofilm
grows, it smoothes out the surface of the particles, reducing the area due to roughness of
the particle. Also, even after the beads were washed, the more porous media may have
harbored more fines in its pores, increasing the surface available for enzymatic
degradation. This initial fast growth of biofilm, with a slower growth rate when the
surface of the PHA has been colonized is an advantage in a passive denitrification unit, as
the biofilm will capture the material hydrolyzed by the bacteria, and reduce their growth
as the biofilm thickens, reducing the need for aggressive cleaning.
3.4.2 Experiment 2

Table 3.2 Exponential phase denitrification rate constants for all salinities at 20.8±1.1 ˚C
(experiment 2)
Salinity

0
5
15
30

Replicate 1
Coefficient
0.489
0.339
0.761
0.292

Replicate 2
Std.
Error
0.1426
0.0255
0.2048
0.0714

Coefficient
1.550
0.758
1.816
1.458

Replicate 3
Std.
Error
0.2262
0.0926
0.1308
0.2533

Coefficient
0.676
2.326
1.285
0.679

Std.
Error
0.1541
0.0585
0.1525
0.0825

Average
Std.
Coefficient error
0.905
0.3776
1.141
0.6981
1.287
0.3516
0.810
0.3959

Results from the denitrification experiments with the PHA MBX 03030400 (media
W), at a temperature of 20.8±1.1 ˚C show that the average denitrification rates at the
exponential phase at different salinities (Fig. 3.5, Table 3.2) is slightly higher for 15 ppt
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and lower for 0 and 30 ppt, although the differences are not statistically significant
(P=0.8397). These results are similar to those observed by Fear et al. (2005) in a salinity
gradient, where he found high variability, but no significant differences across the salinity
gradient. Experiments run at a temperature of 30.8±1.0 ˚C and 35.0±0.4˚C, purged with
helium to remove the oxygen, failed to show denitrification

Figure 3.5 Nitrate reduction rate constants in the exponential phase for 0, 5, 15 and 30 ppt
salinity. The denitrification rate constants are for a non-linear exponential decay fit.
The results from experiment 2 at higher nitrate concentration (220 mg/l) showed a
high denitrification rate at the beginning of the experiment when the nitrate concentration
was high but comparison of the rates at this level did not reach the necessary
concentration to establish the maximum Monod reaction rate (vmax), as the rates with
concentrations above 50 mg/l were almost linear (Fig. 5.5). This concurs with the results
obtained by Chudoba et al. (1998) that found an approximately linear relation between
denitrification and loading rates, up to 0.6 kg-N/m3-day. Higher removal rates are
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achieved with higher initial nitrate concentrations, above 100 mg NO3-N/L, but not for
the 0-50 mg NO3-N/L. Higher rates can be expected in optimized systems. In this range,
the polyhydroxyalkanoates can be used as a base for a passive denitrification unit that
requires little management.
The half reactions for the denitrification process with PHA (in the form of
polyhydroxybutyrate) as the electron donor or carbon source, calculated from its formula
and nitrate as electron acceptor with reduction to nitrogen gas and complete oxidation of
the electron donor are:
Electron acceptor (Metcalf and Eddy, 2003):
0.2 NO3 + 1.2 H+ + e- = 0.1 N2 + H2O

(3.5)

Cell synthesis (Metcalf and Eddy, 2003):
0.03571 NO3 + 0.1786 CO2 + 1.0357 H+ + e- = C5H7O2N + 0.3929 H2O

(3.6)

Electron donor (calculated):
0.2222 CO2 + H+ + e- = 0.0556 C4H6O2 + 0.3333 H2O

(3.7)

The total reaction considering PHB as the electron donor and 35% conversion to
cells and 65% for energy is:
0.1343 NO3 + 0.05556C4H6O2+ 0.1343 H+=0.0143 C5H7O2N + 0.06 N2 +0.15079 CO2
+0.1838H2O
(3.8)
This represents a molecular ratio of 0.1343/0.0556 of nitrate converted to PHB
monomer consumed. The theoretical weight ratio of PHB consumed per gram of NO3-N
converted to N2 was calculated at 2.54 g. Our experimental results show a ratio of
2.92±2.70 grams of bioplastics consumed per gram of nitrogen converted. The average
PHA consumption rate is slightly higher than the stoichiometric value. This difference
may be due to the consumption of some residual oxygen in the water, which can impact
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greatly the amount of plastic used or to impurities in the plastic. The rate of plastic
consumed per gram of oxygen reduced was 20.5±2.98 g PHA/g O2. Boley and Muller
(2005) found in a recirculating system, the reduction of oxygen increased the
consumption of PCL (polycaprolactone) during denitrification by 14% from the
stoichiometric value. In our case, the difference of the stoichiometric calculation with the
average consumption was 15%.
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Figure 3.6 Denitrification rates vs. nitrate concentration for 0, 5, 15 and 30 ppt salinity.

The denitrification rates showed high variability at low oxygen concentrations, with
decreasing average rates as oxygen increased (Fig 3.7). When the dissolved oxygen
content was maintained at 4 to 5 ppm, a minimum rate of 0.18- kg/m3-day was observed
in 50 cm beds for 6 days, but after this time the denitrification stopped. This may indicate
that denitrification can occur in oxygen concentrations up to 4.5 mg/l but this may be due
to lower oxygen concentrations near the bead or in the media bed. If oxygen diffuses
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through out the bed, then denitrification may be reduced, but the concentration on the
surface of the media may still allow for denitrification. The decrease in denitrification
rates with dissolved oxygen (DO) concentrations of 4 mg/l or above to less than 10% of
the maximum rate in anoxic conditions is similar to the findings of Patureau et al.(2000)
of 5.3% reduction at 4.5 mg/l of DO compared to a 100% at 0 mg/l. Some authors (Plosz
et al., 2003; Jensen et al, 1994) have found that the denitrification rate improves in
natural environments with the presence of oxygen or in the aerobic-anoxic interface
(Eriksson, 2001; Brettar and Rheinheimer, 1992) but in these cases the denitrification

Figure 3.7 Average denitrification rates (kg NO3-N/m3·day) vs. dissolved
oxygen concentrations (mg/l)
appear to be limited by sulfides produced by oxidation of soluble organic carbon. In our
study, no sulfate reduction was observed.
Nitrate can also be transformed to ammonia in an assimilatory nitrate reduction. In
our study, no ammonia was found in the system even after nitrate and nitrite were

42

depleted. Some authors have found that at concentrations of dissolved oxygen as high as
5 mg/l or more, denitrification still occurs, but at a very slow rate (Plosz et al., 2003;
Jensen et al, 1994).
3.4.3 Experiment 3
The results of the effect of media depth in the denitrification process showed that the
denitrification rate has a region of rapid denitrification, in the first 30 to 40 cm of media
depth, equivalent to a flow of 3.3 to 4.4 pore volumes/minute. The flow rate was set up at
60 m3/m2-d according to the specifications of Metcalf and Eddy (2003) for anaerobic
reactors. The longest bed tested was 60 cm. The denitrification rates are higher in the first
30 cm of the bed and decreased to almost a zero order relationship in the last 20 cm. (Fig.

Figure 3.8 Nitrate conversion rates with increasing media depth. Rates decrease
rapidly in the first 30 cm, due to decreasing nitrate concentrations and then stabilizes.
Figure 3 8 Nitrate conversion rates with increasing media depth Rates decrease rapidly in
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3.8) The two regions, one from 30 cm or less and the other more than 40 cm showed
statistical differences for individual 10 cm segments (p= 0.0054). This can be explained
by the higher concentrations of nitrate in the influent side of the columns, decreasing as
the denitrification takes place.
The one pass reduction of nitrate in the denitrification reactors show a high impact of
the oxygen concentration on the denitrification rates. As oxygen is depleted, the
denitrification rates increase as reported by various authors (McKenney et al., 2001,
Zumft, 1997, Tiedje et al, 1982,), but even at near bulk oxygen saturation, some
denitrification occurs as the bed depth increases. This denitrification may occur in anoxic
areas, produced by irregular diffusion of oxygen due to differences in the biofilm (Zhang
and Bishop, 1994).
3.4.4 General Discussion
The denitrification rates obtained in this work are within the range or higher than
those reported in the literature (Fig. 3.9) for different carbon sources. The differences
observed in the removal rates may be due to the higher surface area of the media. As the
oxygen is depleted, the bacterial biofilm grows, limiting the impact of the surface area as
measured with liquid nitrogen adsorption, on the effective available area.. Also, even
after the beads were washed, the more porous media may have harbored more fines in its
pores, increasing the surface available for enzymatic degradation.
This initial fast growth of biofilm, with a slower growth rate when the surface of the
PHA has been colonized is an advantage in a passive denitrification unit. The biofilm will
capture the material hydrolyzed by the bacteria, and decrease their growth rate as the
biofilm thickens, reducing the need for aggressive cleaning. The high PHA consumption
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during deoxygenation, indicates that limiting the amount of oxygen in the denitrification
bed will make the process more efficient.
Denitrification results reported by Boley et al. (2000) for fresh water PHA
denitrification showed similar plastic consumption when compared with those obtained in
this work. Although their reduction rates are within the ranges observed in this study, a
direct comparison is not possible due to the lack of information on the characteristics of
the PHA. Boley et al. (2000) concluded that the cost of PHA for denitrification was too
high compared with a methanol based process.

Figure 3.9 Comparison of the denitrification rates obtained in this work and those
reported in literature with various substrates (Ahn, 2006, Healy et al. 2006, Laurin et
al., 2006, Ovez et al., 2006, Ovez, 2006, Saililing, 2005, Oh et al., 2001,
Vredenberg et al., 1997)
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The reduction of the production price of the PHAs in the last years, and the prospects
of these prices decreasing as the process gets to an industrial production stage, coupled
with higher demands of methanol, will make the process economically viable.
3.5 Conclusions
After Evaluating the sensitivity of PHA denitrification to a variety of factors, including
type of PHA, salinity, dissolved oxygen and NO3-N concentration, it is concluded that the
process is not very sensitive to the molecular weight of the plastic. A moderately
biofouled granular media displays a heterogeneity of microenvironments that allow some
denitrification to occur in the presence of bulk dissolved oxygen levels approaching 5
mg/l.
As a practical approach, the inhibitory effects of oxygen can be mitigated either by
design of the denitrification media bed and/or by control or reduction of the influent
dissolved oxygen levels. The high plastic consumption needed for oxygen removal
indicates that the second approach is more cost efficient.
Our experiments showed that a bed depth lesser than 30 cm, at a flux rate of 60 m3/m2 the
denitrification increases rapidly, and in beds deeper than this, the denitrification rate
remains almost constant due to lower nitrate concentrations..
An average of 2.9 g of PHA are consumed per g NO3-N removed at room temperature
(20˚C). The consumption rate is influenced by the initial nitrate concentration, the
temperature and the bacteria present in the system. Although no bacterial identification
was performed in this study, it was noted that when a thicker biofilm developed, the
consumption rate of PHA increased. At higher nitrate concentrations in the influent
water, the PHA:NO3-N ratio decreased.
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In a pragmatic sense, denitrification abilities can be expected to be similar in all salinities.
Nitrate removal rates in the order of 2.5 kg-NO3-N/m3 media-d should be broadly
obtained in fresh and marine water systems. Higher ranges should be obtained in finely
tuned systems. In this range of up to 250 mg NO3-N/l, the polyhydroxyalkanoates can be
used as a base for a passive denitrification unit that requires little management.
The availability of an economic source of PHA such as production waste and the
development of the bioplastic industry is determinant for the adoption of this material as
a carbon source for denitrification processes.
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Chapter 4 Characteristics of the Polyhydroxyalkanoate (PHA) Media
for Denitrification
4.1 Introduction
Polyhydroxyalkanoates are a group of bioplastics produced naturally by bacteria as
carbon and energy storage compounds that can be used under carbon limiting conditions.
There are several groups of bacteria in nature that have the necessary intracellular
enzymes to utilize this bioplastic. Some groups have extracellular depolymerase enzymes
that can degrade the bioplastics outside of the cellular walls. These groups are not
necessarily PHA producers (Jendrossek, 2001).
Metabolix, Inc, is a company located in Massachusetts that produces the bioplastic
through genetically modified bacteria, with several patents for the production of
polyhydroxyalkanoates (PHA). The company has made some important advances in the
production and extraction process of the PHAs. The control of the bacterial product
through modifications on the culture conditions (Abe and Doi, 2001) opens the
possibility for the substitution of some commodity plastics with PHAs.
The availability of PHAs creates an opportunity to utilize this product as a carbon
source in wastewater denitrification processes, particularly in aquaculture. The use of a
solid

non

water

soluble

carbon

substrate

and

electron

donor

such

as

polyhydroxyalkanoates in these applications, has advantages over liquid or water soluble
carbon sources With these media the release of substrate requires a nitrogen source and
the presence of bacteria with the appropriate enzymes to degrade the plastic (Bonartseva
et al., 2003).
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Boley et al (2000) found that in freshwater, the denitrification process can be
supported by polyhydroxybutyrate (a form of PHA), but concluded that the cost of the
bioplastic at the time of the study was too high to be economically viable. Improvements
in production and extraction techniques of PHA are reducing costs. The lower prices, and
the possibility of use of waste bioplastic, point to the PHAs as a viable option for its use
as a carbon source in denitrification especially in the aquaculture of valuable species.
In order for the PHAs to be used as a carbon source for denitrification it has to be
released in a form that the bacteria can utilize. The release of the carbon can be related to
the degradation characteristics of the substrate, controlled by its properties, such as
molecular weight, bonds, crystallinity and the size and nature of the side groups (Fig.
4.1). The physicochemical and biological characteristics of the environment impact the

Figure 4.1 General structures of polyhydroxyalkanoates (Ojumu et al., 2004)
degradation of PHA (Jendrossek and Handrik, 2002; Hong and Yu, 2003).

The

degradation process is not always uniform and depends on the strains of bacteria present
in the media and the culture conditions. Tokiwa and Pranamuda (2001) found that in
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liquid culture, the bacteria will preferably degrade the amorphous part of the polymer,
rather than the crystalline part. This preference causes also a differential colonization on
the surface of the bioplastic.
In this work, the characteristics of the polyhydroxyalkanoates and their relation with
the denitrification process were studied. The changes of the material in the denitrification
reactors were assessed through thermal and spectrophotometric (FTIR) analysis to
determine what compounds are being made available for the bacteria during the
degradation of the PHA. The availability of different compounds for the bacteria can
impact the denitrification process.

Microscopic characteristics of the material were

studied before and after degradation in denitrification systems to see if the degradation
proceeds in a uniform fashion or if it is irregular. Irregularities in the surface of the
polymer can impact the available area and the colonization by bacteria.
4.2 Materials and Methods
4.2.1 Sample Collection
A series of three clear PVC columns 2.54 cm (1 in) in diameter and 30 cm (12 in)
long, with 50 ml of PHA MBX 0303 04 00 (MBX W), with a 44% porosity and a
weight of 35± .62 grams were used. The molecular weight of the plastic was 250
kDaltons (Data supplied by Metabolix Inc., Cambridge, Massachusetts). The columns
were immersed in a tank with synthetic 30 ppt seawater prepared with Instant Ocean® at
a temperature of 30±1°C. Water from the tank was recirculated through the columns at a
rate of 20±3 ml/min, to promote the growth of denitrification biofilm. Water samples
were taken daily from each reactor and the nitrate and nitrite concentrations were
measured by ion chromatography (4500-NO3-E; APHA, 1998). When nitrite reduction
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was observed in the second column a sample was taken from the last reactor. A similar
study was run with the other three formulations (MBX A, B and C), but in columns 5 cm
diameter (2 in) and 20 cm long, with 200 ml of media. After the denitrification study, a
sample of the pellets was extracted from the columns, washed with deionized water and
dried overnight at 60˚C. Samples with a weight of 7 to 10 mg of the pellets were obtained
for DSC and TGA analysis, and a complete pellet for the FTIR analysis. Six pellets were
collected for the microscopy studies. The system was run for 18 months after the
experiments were done, to determine if an accumulation of residuals from the PHA
occurs after longer operation periods.
4.2.2 Thermal and Spectral Analysis
Polyhydroxyalkanoate pellets (MBX A, MBX B, MBX C and MBX W), supplied by
Metabolix, Inc, were used in denitrification columns to study the changes in mass and
their thermal and spectral signatures due to the degradation during the denitrification
process.

Figure 4.2 Media used in this study, the letters show the designation of the media. (MBX
A, MBX B, MBX C and MBX W respectively)
Molecular weight analyses were performed by Metabolix, Inc. in their facilities, by
GPC in chloroform. The molecular weight (Mw), molecular number (Mn), polydispersity
(PD) and Z average (Mz) from the non-degraded plastics are shown in Table 4.1. The
range of molecular weight goes from 7 to more than 500 Kdaltons (Fig. 4.3).
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The pellets where initially analyzed by differential scanning calorimetry (DSC)
thermogravimetric analysis (TGA) and infrared spectroscopy (FTIR). Molecular weight
data was obtained from the manufacturer of the bioplastics, Metabolix, Inc., from
Cambridge, Massachusetts. The DSC was run from 30 to 190˚C and cooled to -130 ˚C
using a TA instruments modulated DSC 2920. The rate of temperature change was
5˚C/min. The TGA analysis was performed in a TA instruments TGA 2970 from room
temperature to 600˚C and heating of 5˚C/min.
FTIR analyses were performed in a Burker Tensor 27 spectrophotometer in reflective
mode, from 400 to 3500 cm-1 wavelength. Results were analyzed with the software
Origin Pro® 6.0 from OriginLabs (2000) and KnowItAll Informatic Systems 5.0® from
BioRad Laboratories, Inc. (2004). Microscopy analyses were performed on samples of
the MBX W (MBX 03030400). Thermal and spectrophotometric (FTIR) analyses were
performed on all the media before and after degradation to determine the changes in
bonds and thermal properties of the material.
Table 4.1 Molecular weight measurements for all the polyhydroxyalkanoates studied

POLYMER
MBX 03030400 (W)
MBX A
MBX B
MBX C

MW
522,702
58,344
7,091
132,123

MN

PD

93,431
20,184
3,476
42,717

MZ
5.59
2.89
2.04
3.09

985,967
100,119
12,346
266,237

Mol.
Weight
st dev
200,268
27,753
3,545
61,799

Area
(m2/m3)
911
930
929
552

Area
st. dev
244.1
355.9
638.7
55.2

Data supplied by Metabolix, Inc., Cambridge, Massachusetts.
4.2.3 Microscopy Sample Preparation
The sample for electron microscopy was treated with a series of solutions to fix it.
The samples were then stained with osmium tetroxide and uranium acetyl, and
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dehydrated in ethanol. All the preparation was done at room temperature. The sample
was then separated in two sub samples, one for scanning electron microscopy (SEM)
observation, to compare the surface of the biofilm and one for transmission electron
microscopy (TEM) observation to estimate the proportion of active biofilm . The sample
for TEM observation was embedded in a one component acrylic resin. The sample was
cured at 60°C for 12 hours. The resulting product was cut in thin slices 90 nm thick in a
microtome. The sample was observed in a TEM Jeol 100-CX. The proportional area
covered by bacteria was measured in the photographs to estimate the active portion of the
biofilm. The SEM sample was dried with supercritical CO2 at 1300 PSI, covered by
sputtering with platinum for its observation in a Cambridge Stereoscan 260 SEM.
4.3 Results and Discussion
The PHA MBX W had
the

highest

molecular

weight, with over 500,000
Daltons or almost four
times the next highest Mw.
This formulation had the
highest polydispersity. The
Figure 4.3 Nitrate conversion vs molecular weight of the
polymer with the lowest media. MBX W with the highest molecular weight, has an
additive not found in the rest of the plastics.
molecular weight (7,091
Daltons) was the MBX B. This formulation and the PHA A were the most brittle.
Molecular weights were not measured after degradation.
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Results from the DSC analysis showed that the PHA plastics from all formulations
have melting temperatures that varied between 146 and 163˚C (Table 4.2). All the
bioplastics showed two melting peaks, although the peaks were better developed in MBX
W. The other 3 formulations showed a change in heat flow around 110˚C, and this was
more noticeable in MBX A. The double melting point is not uncommon in Poly(hydroxybutyrates) and may be due to different size lamellas in the polymers or different
crystallization caused by partial melting and recrystallization during the pellet extrusion
or storage. (Liu and Wang, 2005, Herek et al, 2006).
Table 4.2 Melting temperatures and decomposition with mass loss temperatures for all
the media used. All mass loss and melting points decreased after degradation, except the
melting point for MBX B that showed an increase of more than 10˚C
Melting temperature
(Tm)

Mass loss temperature
(oC)

MBX W

151.74

252.81

MBX A

158.43

265.51

MBX B

146.63

275.62

MBX C

162.38

268.36

MBX W

151.51

242.28

MBX A

151.95

256.16

MBX B

157.28

241.72

MBX C

161.49

262.36

Media
Original sample

Sample after denitrification

The material used in this study was marked as PHB of different molecular weights.
The melting points observed are lower than the reported values for PHB. Abe and Doi
(2001) found that the melting temperature of the polyhydroxybutyrate decreases as a
second PHA monomer is added or as the lamellar thickness of the polymer is decreased.
The main melting point in MBX W was at a lower temperature than the second peak (Fig
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4.4a). After degradation, there was an increase in the melting temperature at the higher
melting point and a decrease in the lower one. This may be due to a preferential
degradation of the smaller lamellar structure of the polymer (Herek et al, 2006). The cold
crystallization temperature (Tc) is higher for the sample after the denitrification
compared to the original sample (Fig. 4.4b).
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Figure 4.4 DSC first heating of MBX W before and after its use in the denitrification
columns. a)The main melting temperature decreased after degradation. The initial melting
of the material occurs at a lower temperature in the degraded sample. b)The cold
crystallization point is lower for the degraded sample.

The decomposition with mass loss and melting temperatures decreased for all media
after degradation, except in the MBX B, that showed an increase in the melting point
(143.63˚C to 157.28˚C).. In this polymer, the decrease in decomposition temperature was
more than 30˚C in the media extracted from the denitrification columns, compared with
the original sample (Table 4.2).
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Fi

b

∂P

Figure 4.5 TGA of MBX W, showing a second peak that constitutes more than 10% in
weight of the sample, and decomposes at higher temperature. a) Original sample b) Sample
after 1 month in the denitrification columns. The decomposition temperature of the main
component decreases in the sample from the columns.

Figure 4.6 TGA analyses for all the samples from the denitrification columns.
MBX A and C showed the highest decomposition temperatures.
TGA analyses of the degraded media, showed a higher decomposition temperature
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for MBX A and MBX C, and lower for MBX B, with MBX W decomposition
temperature between them (Fig 4.6). The second component of MBX W is present in the
degraded sample in almost the same proportion as in the original sample. The increase on
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Figure 4.7 Infrared spectra (FTIR) from MBX W original and degraded. The degraded
samples showed an increase in the aliphatic C-H groups (CH3 and CH2) and in the
hydroxyl groups. Amide groups, probably from bacterial residues and some aromatic
rings were detected in the degraded sample

the decomposition temperature of this fraction is not as pronounced as the one for the
main fraction
The result from the FTIR analysis for the media MBX W is shown in Figure 4.7. The
infrared spectrum showed an increase in the hydroxyl groups. The aliphatic CH3 and
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CH2 groups also increased in the degraded samples, probably due to hydrolysis of the
original product. Although in the short term (1 month) no degradation byproducts were
detected in the water. When the system was run continuously for 18 months in anoxic
conditions, an increment in total organic carbon of 307± 99 mg/l, compared with 243±17
mg/l in columns with no PHAs. An FTIR analysis of the water revealed an increase in
CH3 and CH2 groups The results from the other media used were similar to the PHA W.
The media MBX A showed an increase in the O-H groups probably due to residual
moisture, the same as MBX C (Fig. 4.8).
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Figure 4.8 Infrared spectra of
a) MBX A, b) MBX B and c)
MBX C. MBX A and C
showed characteristics similar
to those of MBX W. MBX B
showed no change with
degradation mainly due to loss
of the degraded part during
rinse.
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500

degraded samples, but this may be because the sample after degradation was extremely
brittle, breaking apart during the rinse, leaving only the undegraded plastic remaining in
the pellets. Observations made in the culture water showed that MBX B caused a faster
growth of the biofilm, although this was not quantified. In general, the plastic beads

a

b

c

d

Figure 4.9 Micrographs before the experiments of the four PHA media used in
the study. a) MBX A has the smoothest surface; b) MBX B, brittle with many
fractures in the surface and loose particles.; c) MBX C surface with superficial
pores and cracks; d) MBX W rough surface with many small pores.
showed an increase in the CH2 and CH3 groups during the denitrification process.
The pellets maintained a high proportion of undegraded plastic, and the degraded
portion was maintained mainly in the biofilm, with release of organic carbon only after
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several months in operation. This concurs with the observation of Tolker-Nielsen and
Molin (2000), who found that bacteria have diurnal patterns of enzymatic activity and
they can use the carbon stored in the biofilm when the hydrolyzing enzymes are not
active.
The microscopy analysis showed a difference in the porosity and appearance of the
four PHAs used (Fig. 4.9). The surface of the plastic became more rugged during
degradation. The colonization of the pellets by bacteria was not homogeneous and
proceeded mainly through strands made by the bacteria already established (Fig.
4.10).This concurs with previous works that found that the flagella or pili are very
important in some bacteria for colonization (Tolker-Nielsen and Molin, 2000, Vidal et al,
1998). Some bacteria was present as early as 5 hours after the start of the denitrification

Figure 4.10 SEM micro photos showing the colonization of the pellet surface: a)
bacteria colonization through strands. b) biofilm 6 days old. The biofilm grows
irregularly on the surface. Some areas are several microns thick while others display
only a thin coat
columns, but the biofilm developed in periods from 2 to 45 days, with no apparent
pattern. The only constant was that the biofilm developed earlier and was thicker if the
system was started aerobically and then switched to anaerobic with no artificial
elimination of the oxygen
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The biofilm thickness varied in the same media from 1 to 150 microns, these results are
similar to those observed by Zhang et al. (1998) in fixed film biofilters. The proportion of
bacteria to inert biofilm (by area) was estimated at 15%. (Fig. 4.11). The inert part of the
biofilm is important as some authors have found that the bacterial enzymes have activeinactive cycles, and they can use previously hydrolyzed carbon sources stored in the
biofilm, during the enzymatic inactive cycle (Tolker-Nielsen and Molin, 2000).

Biofilm
Biofilm
PHA

PHA

Figure 4.11 TEM micrographs of the pellet surface with the biofilm. The
thickness of the biofilm varies from 1 to 30 microns and has an average
of 15% by area of bacteria

4.4 Conclusions
A high variability and a correlation of the average denitrification rates and the
molecular weight was observed in the media MBX A, MBX B and MBX C. The
discrepancy of the media MBX W may be due to a second component detected in the
media by thermal analysis.
Although no significant amount of PHA residues was found in the culture water after one
month in operation, the infrared analysis of the bioplastics showed an increase of CH2
and CH3 groups in the surface of the pellets. The analysis of the culture water after 18
months of continuous anoxic operation showed an increase in total organic carbon. This
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result is not significant for aquaculture operations, as in a normal facility the anaerobic
columns should be followed by an aeration stage, allowing for the oxidation of the
residual BOD.
The high variability of the denitrification rates points to the strains of bacteria that
colonize the substrate as one of the main controlling factors of the acclimation and
denitrification performance.
4.5 Recommendation
A study with media of the same morphology and no additives, but different molecular
weights, including some with weight between 150 to 500 KDaltons, will help to
determine the optimal molecular weight for with no denitrification.
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Chapter 5 Development of a Model for PHA-Based Denitrification in a
Packed Bed Reactor
5.1 Introduction
The marine aquaculture industry is showing an increased interest in recirculating
aquaculture systems. This interest is fueled by regulations and the lack of a reliable
supply of good quality water. Biofiltration systems allow the water to be reused for
prolonged periods of time and reduce the need of water exchange. This reduction
decreases the possibility of introducing pathogens to the culture systems and the release
of biological contaminants to the environment. Nitrate production is directly related to
the amount and protein content introduced in the system (Losordo et al., 1998). The
increase in the hydraulic retention times causes an accumulation of nitrates in the system.
Aquatic species at different life stages are affected in diverse ways by nitrates. The
effects can be slower growth, low reproduction rates, low hatching, increasing incidence
of diseases, delayed hatching times and higher mortality (Burges, 1995; Prescott, 1997;
Shimura et al., 2002). In marine species, the concentration at which toxic, lethal or sublethal effects have been detected can vary from 2.2 to more than 5,000 mg-NO3-N/L,
with larvae and brood stock as the most sensitive stages (NGSOWP-CDECO, 2003).
If nitrate rich waters are discharged, they can induce eutrophication of the receiving
waters, promoting algal blooms and high oxygen consumption as the algae dies off
(Rabalais et al, 2002) in freshwater. Nitrate discharges can also impact the quality of
potable water sources. High levels of nitrate in drinking water have been linked to
methemoglobinemia. This has lead agencies such as EPA to limit the nitrate and nitrite
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nitrogen concentration in potable water to 10 mg-N/L and has considered its control a
priority (USEPA, 1999, USEPA 2002).
The most commonly used process for nitrogen removal is biological denitrification.
Nitrate is reduced to nitrogen gas through a series of steps carried out by bacteria. The
process requires an energy rich carbon source. Traditionally, water soluble carbon
sources such as methanol or acetate have been used as electron donors for denitrification.
This approach speeds the acclimation of the bacteria population providing them with a
readily available carbon source. The use of soluble carbon sources creates problems such
as the need for sophisticated dosing control to prevent overdosing of carbon (Lee et al.,
2000). An excess of carbon in the absence of nitrate in an anaerobic environment can
reduce the redox potentials. Low redox potentials promote the reduction of sulfates and
the production of toxic sulfides (Whitson et al., 1993).The use of a non water soluble
source of organic carbon such as the biodegradable bioplastic polyhydroxyalkanoate
(PHA) can support the denitrification process. The hydrophobic characteristic of the
plastic prevents the excess release of carbon to the recirculating water.
In this paper, the nitrate reduction with PHA as a carbon source was modeled, taking
into account the main effects controlling this process: nitrate concentration, dissolved
oxygen, organic carbon and biomass concentration. Other important parameters such as
temperature and salinity have been taken into account through a modification of the
constants of the model.
5.2 Stoichiometry
Half reactions for the denitrification process with PHA (in the form of
polyhydroxybutyrate) as electron donor or carbon source and nitrate as electron acceptor
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were calculated. The stoichiometric ratios of NO3-N and O2 to PHA consumption were
used for the initial model setup The reactions assume a reduction to nitrogen gas and
complete oxidation of the electron donor. The half reactions for nitrate reduction and cell
synthesis are as described by Metcalf and Eddy (2003).
Electron acceptor:
0.2 NO3-+ 1.2 H+ + e- = 0.1 N2 + 0.6 H2O

(5.1)

Cell synthesis:
0.03571 NO3 + 0.1786 CO2 + 1.0357 H+ + e- = 0.03571C5H7O2N + 0.3929 H2O

(5.2)

Electron donor:
0.22222 CO2 + H+ + e- = 0.05556 C4H6O2 + 0.3333 H2O

(5.3)

The total reaction considering PHB as the electron donor and 35% conversion to
cells and 65% for energy is:
0.1425 NO3 + 0.05556C4H6O2+ 0.1425 H+=0.0125 C5H7O2N + 0.065 N2 +0.15972 CO2
+0.19417H2O
(5.4)
The half reaction per mole of e- transferred for oxygen (Metcalf and Eddy, 2003) for
oxygen is:
0.25 O2 + H+ + e- = 0.5 H2O

(5.5)

From equation (5.4) a ratio of 2.54 g PHA/g-NO3-N reduced in the denitrification
process is obtained. From equations (5.1) and (5.5) an equivalent of oxygen of 2.86 g O2/
g NO3 is calculated for the aerobic reaction..
5.3 Development of the Denitrification Model
The biological denitrification process follows the kinetic equations used to describe
heterotrophic growth and substrate utilization (Metcalf and Eddy, 2003), with one
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important difference: the inhibitory effect of oxygen (Casasus et al., 2005; Metcalf and
Eddy, 2003; Strong and Fillery, 2002; Patureau et al, 2000; Lie and Welander, 1994).
There are reports of some bacteria that perform the denitrification process under aerobic
conditions (Chen et al., 2003; Eriksson, 2001), but the denitrification enzymes of most
organisms are inhibited by dissolved oxygen.
PHA is a non water soluble carbon source, and is used in this work as the basis of a
self regulating denitrification system. The use of PHA as a carbon source and support
media differs from the equations used to describe a soluble carbon source. For soluble
carbon, the media bed volume is constant. In contrast, the PHA bed is reduced as the
denitrification proceeds, so the support media for the bacteria is dependant of the amount
of PHA present in the reactor. Also, the available carbon for bacterial growth is directly
dependant of the amount of bacteria on the media. Observations made in the PHA
denitrification reactors, showed that the denitrification units will clog if the biofilm fills
more than half the void spaces in the media. The growth of the bacteria occurs in two
distinct phases: aerobic and anoxic. The denitrification unit acts as a plug flow reactor.
First the oxygen then nitrate is reduced as the water flows through the column. The model
is based on a maximum volumetric denitrification rate (VDRmax), maximum oxygen
consumption rate (VOR max) and a limitation on the maximum bacterial growth. A list of
variables and constants used in the model is provided at the end of this chapter.. The
oxygen concentration has an inhibitory effect on the denitrification process and the effect
on the nitrate consumption. The representation of this effect takes the form of an
inhibition term:
K 'o
K ' o + DO

(5.6)
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The development of a model for recirculating aquaculture denitrification with PHA
as a carbon source can be based on the equations previously described, provided certain
conditions are met. The conditions considered in this work are:
a. The input flow is small enough to reduce the oxygen input.
b. The volume of the water on the filter is small compared to the total volume of
water from the recirculating system.
c. The amount of bsCOD that is not provided by the PHA is negligible (This can be
consider if a rate constant is included).
d. The filter is managed to maintain a thin biofilm cover on the media to prevent
clogging
e. The carbon from the PHA is released by enzymatic processes on the surface of the
media. The release is related to bacteria concentration and all of the hydrolyzed
material stays in the biofilm.
f. The total bacterial biomass is limited by the specific surface area.
g. The denitrification unit behaves like an ideal plug flow reactor that can be
modeled as a series of completely mixed reactors.
The denitrification biomass is composed of heterotrophic facultative anaerobic
bacteria, that can switch between oxygen and nitrate as electron acceptor. Oxygen is used
first and then the system proceeds to an anoxic phase where the electron acceptor is the
nitrate. Based on the kinetic equations described before, the rate of change of the nitrate,
oxygen, carbon source and biomass in the denitrification unit for the system shown in
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Fig. 5.1 are described. The system has a culture tank, an aerobic biofilter for the
conversion of ammonia to nitrate and a denitrification unit, to convert nitrate to nitrogen.
Only the culture tank and the denitrification unit were modeled. The plug flow reactor
can be approximated by a series of completely mixed reactors.
NO3

NO3

Biofilter
(aerobic)

Denitrification unit
(PHA)

Culture
unit

NH3,O2

O2

Aerobic

CO2
N2

Anoxic

O2

Figure 5.1 Diagram of the denitrification system. The shadow in the
denitrification unit represents the direction of the oxygen and nitrate
gradients. Dashed outline represents the modeled components.

The numerical solution is closer to the analytical solution as the number of reactors
is increased (Chapra 1997). In a completely mixed reactor, the rate of nitrate utilization,
with an inhibition term due to the oxygen, depends on the nitrate and biomass
concentration (Eq.5.7 and5.8). VDRmax is defined as the maximum volumetric nitrate
conversion rate (g-NO3-N converted/m3 PHA·day) and represents the maximum observed
volumetric denitrification rate. TN is the nitrate consumed in the denitrification unit.

∂N
V = Q( Ni − N ) − TN V
∂t

(5.7)
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⎛ N ⎞⎛ K 'o ⎞⎛ X T
∂N
⎟⎟⎜⎜
⎟⎟⎜⎜
V = Q( Ni − N ) − VDRmaxVPHA ⎜⎜
+
∂t
+
'
K
N
K
O
⎠⎝ Kx + X T
⎠⎝ o
⎝ n

⎞
⎟⎟V
⎠

(5.8)

The oxygen mass balance (Eq. 5.9 and 5.10) is dependant mainly of the oxidation of
available carbon substrate and the exchange with the recirculating system. VORmax is the
maximum volumetric oxygen removal rate. TO is the oxygen consumed in the PHA bed.
∂O
V = Q(Oi − O) − TOV
∂t
∂O
V = Q(Oi − O) − VORmaxVPHA
∂t

(5.11)

⎛ O ⎞⎛ X T
⎜⎜
⎟⎟⎜⎜
+
K
O
⎝ o
⎠⎝ Kx + X T

⎞
⎟⎟V
⎠

(5.12)

The biomass balance has two components, one aerobic and one anaerobic, based in
bacterial growth under anoxic and aerobic regimes. The anoxic growth is dependent of
the nitrate reduction in the reactor (TN in Eq. 5.7). Oxygen is the preferred electron
acceptor for the facultative anaerobes, and in the ranges tested, no influence of nitrate
concentration on the oxygen utilization was noted, so the aerobic growth depends only of
the oxygen consumption rate (TO in Eq. 5.9).

⎛ O ⎞ ⎛ XT ⎞ 1
⎟⎟ ⎜⎜
⎜⎜
⎟⎟
V
⎝ K o + O ⎠ ⎝ Kx + X T ⎠ YO
1 ⎛ N ⎞⎛ X T
⎟⎜
⎜
+ VPHA VDRmax
YN ⎜⎝ K n + N ⎟⎠⎜⎝ Kx + X T

∂X T
V = VORmax VPHA
∂t

⎞ ⎛ K 'o ⎞
⎟⎟V − K d X T V
⎟⎟ ⎜⎜
⎠ ⎝ K ' o +O ⎠

(5.11)

Substituting equations (5.7) and (5.8) in equation (5.9) we get the two terms for
aerobic and anoxic biomass growth
∂X T
V = V (TN (YN ) + TO (YO ) − K d X T )
∂t
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(5.12)

The PHA consumption rate is proportional to the bacterial growth, and depends on
the yield of bacteria per unit of PHA:

⎛ ⎛ Y ⎞
⎛ Y ⎞⎞
1 ∂X T
∂PHA
V = − V ⎜⎜TN ⎜⎜ n ⎟⎟ + TO ⎜⎜ O ⎟⎟ ⎟⎟
=−
YPHA ∂t
∂t
⎝ YPHA ⎠ ⎠
⎝ ⎝ YPHA ⎠

(5.13)

Equation 5.11 can be related to the consumption of PHA by the ratio of PHA
consumed/NO3-N reduced and PHA consumed/O2 consumed. These values can be
determined by stoichiometry or experimentally. Substituting these values in Eq. (5.13),
the consumption of PHA will be:

∂PHA
= −V ( TN PHAN + TO PHAO )
∂t

(5.14)

Based on these equations, the plug flow reactor equations, considering no mixing in
the axial direction, completely mixing in the radial direction and a uniform velocity
profile across the radius will be:
For nitrate:

A∂z

∂N
∂N
∂z )) − TN A∂z
= QN − (Q( N +
∂z
∂t

(5.17)

Where ∂V = A∂z is a differential volume increment on the reactor, ∂z is a
differential length on the direction of the flow in the reactor, A is the cross sectional area
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of the reactor (constant) and TN is the nitrate transformation term calculated with the
average values in the differential volume.
Similarly for oxygen, with TO as the oxygen transformation term:

A∂z

∂O
∂O
= QN − (Q(O +
∂z )) − TO A∂z
∂t
∂z

(5.18)

For the bacteria biomass with X T as the bacterial biomass in the volume ΔV :
A∂z

∂X T
= (TN (YN ) + TO (YO ) − K d X T ) A∂z
∂t

(5.19)

And for the PHA

A∂z

∂PHA
= A∂z(− TN PHAN − TO PHAO )
∂t

5.20)

For this study, the model was designed in five contiguous cells and due to the length
of our reactor, the length increments are 5 cm. A separate module was considered for the
culture tank. This module acted as a mixing tank and had an oxygen transference
component. The PHA consumed was calculated for the complete unit and for the
individual cells. The process is controlled by the concentrations of PHA, nitrogen and
oxygen in the denitrification unit. For system management, the target is the concentration
in the culture tank (Fig. 5.1).The model was developed using the Stella software V. 7.0.3
from High Performance Systems Inc.
5.4 Calibration

The literature constants are for the most part based in completely mixed reactors or
activated sludge and they have a large variation even under similar experimental
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conditions. Strong and Fillery (2002) report variations of Km for denitrification from 1 to
100 mg/L of Nitrogen, while Plosz et al.(2003) obtained a value of 0.713 mg/L. Averages
of the constants were more than one value was obtained in literature were considered
initially. The constants used initially are shown in Table 5.1. The constants are based in
daily rates and are mg/L concentrations. The rates obtained in the model are mg/L-day
To calibrate the model, results of experiments conducted in PVC columns 5.08 cm of
diameter with 50 mg NO3-N at 15 ppt salinity were used. The salt water was prepared

Table 5.1 Initial values for the constants used in the model
Initial value*

Source

Yo, YN

0.45

Tam et al., 2005;Metcalf and Eddy, 2003;

Kn

10.3

Plosz et al., 2003; Robinson and Tiedje,
1983; Wu et al 2001.

Ko

0.5

Plosz et al., 2003

K’o

0.2

Metcalf and Eddy, 2003;

Plosz et al.,

2003
Kd

0.02

Plosz et al., 2003

VDRmax

12.0 mg/ml-day

Experimental

VORmax

7 mg/ml-day

Experimental

Kx

0.8

Experimental

TN

2.54 mg PHA/mg NO3-N

Stoichiometry

TO

7.26 mg PHA/mg O2

Stoichiometry

*Initial values are averages of those found in literature, calculated by stoichiometry or
determined experimentally.
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with Instant Ocean ™. 0.5 ppm of phosphate phosphorus was supplied, to prevent
limitations of this element as observed in previous studies. The average flow rate during
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Figure 5.2 Simulation results on a batch reduction of nitrate from an
experimental run. The standards error of prediction was 9.8 %.

the experiment was 180 ml/min.
The model was calibrated with a set of data obtained at 15 ppt salinity and 20˚C (Fig.
5.2). The sensitivity of the model to VDRmax, VORmax, Ko, K'o, Kn and Kx was analyzed.
After the constants were calibrated the model was tested with other data sets
The results of the model were compared with the real data and the RMSEP or root
mean squared error of prediction (Herring et al., 1998) was calculated with formula
(5.21).

∑ (N
n

1

meas

− N calc ) 2

(5.21)

n

The RMSEP for the calibration dataset was 3.48, with an average percent error of
9.78%. After calibration with the first data set, the parameters were modified. The
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Figure 5.3 Sensitivity analyses for VDRmax effect on denitrification curve. The
thick line represents the calibrated value

resulting constants are presented in Table 5.2. The values obtained are within the ranges
reported in literature (Tam et al., 2005; Metcalf and Eddy, 2003; Plosz et al., 2003;
Robinson and Tiedje, 1983; Wu et al 2001).
The sensitivity analysis of the model for different parameters showed that the
maximum denitrification rate (VDRmax) has the highest impact on the slope of the nitrate
reduction curve (Fig. 5.3). This parameter also impacts the rate of consumption of PHA
(Fig. 5.4)
The oxygen half saturation constant Ko, has an effect on the length of the
exponential phase (not shown) but the effect was negligible on the denitrification slope or
the PHA consumption (Fig. 5.5). Kn affected the slope of the nitrate removal and the
PHA consumption curves
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Table 5.2 Calibrated values of the constants used in this model.

Calibrated values
Yo,

0.45

Yn

0.4

Kn

10.3

Ko

0.5

K’o

0.4

Kd

0.02

VDRmax

12.0 mg/ml-day

VORmax

7.0 mg/ml-day

Kx

0.8

TN

2.92 mg PHA/mg NO3-N

TO

20.8 mg PHA/mg O2

PHA (ml) in denitrification unit

455
445
435
425
415
405
395
385
375
365
355
0

2

4

6

8

10

12

Time (d)

Figure 5.4 Sensitivity analyses for VDRmax effect on PHA consumption
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The Kx value has a large effect on the lag of both the start of denitrification and of
PHA consumption. As this parameters affects the growth of the bacteria, the larger the
value, the longer the lag was (Fig. 5.6). This is observed also with changes on the initial l.
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Figure 5.5 Sensitivity analyses of Ko on nitrate.
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Figure 5.6 Sensitivity analysis of Kx on nitrate, the lag increases proportionally
with Kx.
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Figure 5.7 Measured values compared with the
model prediction for 0 ppt salinity and media W.
The error of prediction was 4.12%.

model is presented in Fig.
5.7. The predicted rates on

the exponential phase are within 20 percent of the observed values for all the data sets
(Fig. 5.8). It was observed that
60

the model underestimates the
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slope from 0 ppt, and this was
also observed in the data sets
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experimentally. The lag phase
with no measured data represents
the initial acclimation time were

Figure 5.8 Measured values compared with
the model prediction for 15 ppt salinity, media
A and B

the nitrate was measured only by colorimetric method, until denitrification started.
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5.5 Discussion

Several authors have developed models for completely mixed reactors and various
carbon sources, such as methanol, acetate and sludge, mainly in wastewater and in
drinking water (Casasus et al., 2005; Plosz et al., 2003; Betlach and Tiedje, 1981).
The model was developed based in five completely mix cells, to simulate plug flow.
The characteristic of this system, based in a carbon source that is at the same time the
support media for the bacteria, modifies the availability of substrate as this is not limited
by diffusion into the biofilm, as the biofilm tend to grow in to a biofilm thickness where
the carbon can be diffused. If the bacteria hydrolyze more carbon than needed, it can be
trapped by the biofilm. This contrast with the systems bases in a water soluble carbon
sources with biofilm is attached to an inert media. In those systems, the nitrate and the
carbon source are diffused from the water to the biofilm, promoting the growth of the
bacteria away from the support media and creating areas with no nutrients close to the
support that can cause an inert biofilm that eventually will slough off. Tolker Nielsen and
Molin (2000) found that nutrients can be stored in the biofilm for use during periods
when the availability is low. The diffusion of nitrate in the conditions studied does not
appear to have limited the process. This may be due to the thin layer of biofilm on the
surface of the media. Given this characteristics, the model used gave a satisfactory
prediction of the denitrification rate in the exponential phase using as inputs the PHA
volume, initial nitrate and oxygen concentrations and the maximum volumetric reduction
factors for nitrate and oxygen (VDRmax and VORmax). This last variables can be fine
tuned to the specific media being use The prediction using the original calibrated constant
gave results within 20% of the real data for the validation datasets.
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The high variability observed in the experimental sets is reflected in the model, were
small changes in the bacterial growth parameters have a great impact on the
denitrification performance. The effect of changes in half saturation constants is more
modest in the denitrification rates.
This results concur with the data reported in literature were a change in the bacteria
population can increase or collapse the denitrification rates. Patureau et al.(2000) found
rates that fluctuated from 0 to 170 g/m3-day. Gomez et al. (2003) found that the
denitrification activity of different bacteria strains could vary by a factor of 40 depending
on the species, with the maximum rates obtained by Alcaligens denitrificans

This

variability is also related to the abundance of bacteria capable of using PHB as a carbon
source. These bacteria are widely distributed in the environment, but the species that act
at each environmental condition are different. The PHB utilization rate in our study
indicates that bacteria with PHB depolymerase are present in our reactors.
The developed model can predict adequately the denitrification activity of the PHB
based reactor, but the results are more accurate if an acclimated filter is used. The initial
lag phase of the denitrification curve is highly dependant of the initial bacterial
concentration, and the estimation of the length of this phase cannot be predicted
adequately.
5.6 Conclusions

The developed model represents adequately the nitrate reduction with the media
used, in ranges of nitrate under 100 ppm NO3-N. The denitrification rates at steady state
can be adequately represented with this model. The model can be used as a tool to
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estimate the denitrification rates with different size reactors, as the tank cells allow the
use of different volume systems and filters.
The media used can be modified by changing the hydrolysis constant, which must be
determined experimentally. The model is based on biodegradable, non-water soluble
media, as the availability of carbon is dependant on the biomass concentration of the
denitrification unit.
Using this model as a management tool, the PHA recharging time can be predicted
and sizing of denitrification units can be performed based in the expected nitrate loading
and the time between PHA recharges desired. An oversizing of the unit will not promote
the formation of sulfides, so the sizing can be done for the maximum load expected.
The notation used in this work is listed in the following page.
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3)

A

Cross sectional area of the reactor (L

K’o
Kd

Oxygen inhibition constant (mass/L )
Bacteria decay rate

Kn

Nitrate half saturation constant (mass/L )

Ko

Oxygen half saturation constant (mass/L )

Kx
N

Half saturation bacteria constant (mass/L )

O
PHA
PHAN
PHAO
Q
TN
TN
TO
TŌ
V
VDRmax
VORmax
VPHA
X
Xt

3

3

3

3

3

Nitrate nitrogen (NO3 -N) concentration (mass/L )
3

Oxygen concentration (mass/L )
PHA in each cell (mass)
PHA consumed in anoxic phase (mass/mass)
PHA consumed in aerobic phase (mass/mass)
3

Flow of water in the reactor (L /t)
Nitrate consumed in the denitrification unit
Average nitrate consumed in ∂V
Oxygen consumed in the denitrification unit
Average oxygen consumed in ∂V
Volume of the water in the rdenitrification reactor
Maximum volumetric conversion rate
Maximum volumetric oxygen removal rate
Volume of PHA (mass)
Denitrification bacteria
Total bacteria
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Chapter 6 Global Discussion and Conclusions
6.1 Discussion

The

results

obtained

in

the

denitrification

experiments

showed

that

the

polyhydroxyalkanoates can be used as a carbon source and support media for bacterial
denitrification. The rates obtained are in the range of those reported in the literature or
higher. In a finely tuned system, higher rates may be obtained.
One of the characteristics observed in the PHA based denitrification units is the thin film
that is maintained on the surface of the bioplastic media. Even when large variations were
observed, the amount of sloughing biofilm was low even after months of operations. This
may be due to the characteristic of the system that uses the same media as carbon source
and support for the bacteria. In this case, the organic carbon is available in the surface of
the media and has to diffuse through the biofilm to be released. This may help to control
the thickness of the biofilm, as it will not tend to grow away from the carbon source, as in
the externally supplied soluble organic carbon like methanol.
The influence of oxygen in the denitrification process together with the high volume of
plastic required during the deoxygenation process indicates that the best alternative both
for nitrate reduction and lowering of plastic consumption will be the removal of oxygen
before the denitrification system after the initial acclimation. This can be facilitated if the
system is used after a denitrification unit that will naturally lower the dissolved oxygen.
The denitrification of saltwater can be achieved with comparable efficiency with
freshwater. In general, the process showed high variability in all the conditions tested.
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Observations made in experimental columns operating for several months, showed that
there is a release of some byproducts, probably in the form of CH2, CH3 or a combination
CH and oxygen, but the level is so low that in a normal aquaculture operation should not
represent a problem as the aerobic biological filter will not allow the accumulation of
these products.
The TGA analysis of the plastics showed that 3 formulations (MBX a, B and C) have
very similar characteristics, but the other media used (MBX 03030400) had a second
compound, that degrades at a higher temperature (around 330˚C). This compound was
not identified, but it may have an effect in the process. The DSC analysis showed an
increase in the melting temperatures , and a decrease in the cold crystallization that may
indicate a degradation of the smaller lamellae in the bioplastic. This may be significant if
the larger lamellae show any resistance to degradation.
The variation observed in the denitrification rates, may be due to the variability of
bacterial colonization and depending on the constitution of the bacterial assemblages, the
process may be accelerated or retarded, as it has been observed in numerous works. The
use of a bacterial seed conditioned to the operating parameters may accelerate the process
and reduce the time of acclimation.
The denitrification rates observed in water with salinity of 15 and 30 ppt, shows that the
PHA is a viable substrate for saltwater denitrification, and can be used as a base for a self
controlled system. The use of the developed model to manage the denitrification system,
in terms of load capacity and the time between refills of the media, coupled with the
simplicity of operation of the system should allow the farm operator to keep the system
working in good conditions.
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The actual limitation of this approach is the availability of the bioplastic, but as the
material moves closer to industrial production the prices should drop. The use of postconsumer PHA waste when the material gets incorporated in disposable products may be
another venue to obtain low cost material and at the same time, reduce the load in the
landfills. The use of the PHA in conjunction with other materials such as fibers, or low
cost agricultural product as a coat, can help reduce the cost and at the same time take
advantage of the PHA properties.
6.2 Conclusions

The movement of the aquaculture operations toward a larger scale, with closed
recirculating systems, demands of high quality water and long reuse times, is increasing
the demand for nutrient removal, particularly nitrogen. The common practice of flushing
nutrient loaded water to the environment will have to be reduced as regulatory pressures
increase. This will drive the extended use of denitrification units. From this work we can
conclude:
1. PHA denitrification is not affected greatly by type of PHA and salinity. however,
a moderately colonized granular PHA media displays an heterogeneity of
microenvironments that allow some denitrification to occur even at bulk dissolved
oxygen levels close to 5 mg/l.
2. Denitrification rates with PHA have a linear relation with the nitrate nitrogen
concentration in the range of 50 to 250 mgNO3-N/l.
3. A bed depth of 30 cm, at a flux rate of 60 m3/m2-d should be used to obtain the
maximum one pass denitrification. The bed depth should be adjusted depending
on the flux rate.
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4. An average of 2.9 g of PHA are consumed per g NO3-N removed at (20˚C). The
consumption rate is influenced by the initial nitrate concentration, the temperature
and the bacteria present in the system. Although no bacterial identification was
performed in this study, it was noted that when a thicker biofilm developed, the
consumption rate of PHA increased. At higher nitrate concentrations in the
influent water, the consumption per unit of NO3-N decreased.
5. The denitrification rates can be expected to be similar all salinities. Nitrate
removal rates in the order of 2.5 kg-NO3-N/m3 media-day should be broadly
obtained in fresh and marine water systems. And higher ranges should be
obtained with a little management.
6. The actual limitation of this approach is the availability of the bioplastic, but as
the material production scale increases the prices should drop. The use of PHA off
specifications and industrial waste when the production of the material is scaled is
another option.
7. The use of the support media as carbon source for the bacteria promotes the
formation of thinner films, as the higher concentration of organic carbon is in the
surface of the media and not in the surrounding water.
8. The degradation of PHAs can increase the BOD in the water, but at such a low
rate that it should not be a problem in an operating aquaculture facility. The bulk
of the hydrolyzed bioplastic stays within the biofilm.
9. The use of the developed model as a management tool will help the operator to
determine times between PHA loading and expected nitrate removal.
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Appendix A: Data for Denitrification Rates Determination
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Table A-1 PHA/DO consumption. Batch experiment at 20˚C

ID
1p
2p
3p
4p
5p
6p

Pan+ dry dry
initial
pan
residue
residue
weight (g) weight (g) weight (g) (g)
20.0495
20.0712
20.0446
20.0517
20.0461
20.0386

1.0078
1.0061
1.0068
1.0071
1.0038
1.0062

20.8035
20.9195
20.9225
20.9072
20.902
20.9426

19.8813
19.9134
19.9157
19.9001
19.8982
19.9364

Plastic
O2
consumed consumed mg PHA/
(g)
(mg)
mgO2
0.1682
0.1578
0.1289
0.1516
0.1479
0.1022

7.367
7.302
7.509
7.336
7.432
7.290
Mean
St. Dev

Table A-2 Nitrate concentrations on experiment 1 with beads A, B, C
Exp. 1a
Days
0
1
2
3
4
5
6
7
8
9

NO3-N concentration (mg/l)
A
B
C
32.077
29.367
29.818
25.752
27.333
28.689
13.328
23.041
24.171
2.530
1.129
12.198
1.563
0.000
11.566
0.000
12.695
15.813
15.813
0.800
0.000

Table A-3 Nitrate concentrations on experiment 1 with beads A, B, C
Exp. 1b
Days
0
1
2
3
4
5
6
7
8

NO3-N concentration (mg/l)
A
B
C
23.945
27.559
22.816
19.427
24.336
24.623
20.105
21.174
21.912
22.364
13.780
27.559
30.044
4.315
32.077
23.945
3.050
26.882
15.587
0.000
17.168
1.129
0.678
0.000
0.000
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22.83
21.61
17.16
20.67
19.90
14.02
20.54
2.98

Table A4 Nitrate data from experiment 2a
Days
0.00
0.00
0.00
0.83
1.83
2.83
3.83
5.00

0
53.078
47.984
52.064
52.823
45.887
24.808
6.003

Salinity (ppt)
5
15
51.371
54.136
49.374
51.121
48.592
53.221
32.377
40.148
24.138
10.618
18.474
0.000
18.490
0.000

30
52.856
50.791
51.808
48.974
24.431
21.738
21.745

0.000

Table A5 Nitrate data from experiment 2b
Days
0.00
1.95
2.81
4.00
5.00
6.00

0 ppt
53.796
23.264
0.832
0.000
0.000
0.000

Days
0.00
1.03
1.95
2.81
4.00
5.00
6.00

5 ppt
45.940
4.290
0.000
0.000
0.000
0.000

Days
0.00
0.33
1.24
2.11
3.30
4.30

15 ppt
52.131
38.696
10.000
0.000
0.888
0.000
0.000

Days
0.00
0.91
1.78
2.97
3.97
4.97
5.97

30 ppt
49.403
20.498
16.463
9.840
3.648
1.302
0.000

Days
0.00
0.00
1.00
2.00
6.00

30 ppt
53.214
53.666
12.228
3.403
4.778

Table A6 Nitrate data from experiment 2c
Days
0.00
0.00
0.00
1.58
3.00
4.17
5.17

0 ppt
55.650
55.419
55.651
4.161
3.489
0.000
0.000

Days
0.00
0.00
1.00
2.58
5.00
6.00

5 ppt
52.589
52.239
25.840
4.581
4.410
1.927

Days
0.00
0.00
1.00
2.00
5.00
6.00
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15 ppt
54.410
53.643
8.108
3.296
0.559
0.000

Table A7 Nitrate data from experiment 2d at high nitrate concentration

Days
0.00
1.29
2.30
4.24
5.11
6.30
7.30
8.30
8.00
9.00

0
220.000
158.106
53.796
23.264
0.832
0.000
0.000
0.000

0.000

Salinity (ppt)
5
15
235.000
250.000
230.421
213.338
45.940
120.159
4.290
38.696
0.000
10.000
0.000
0.000
0.000
0.888
0.000
0.000
0.000
0.000

30
250.000
221.340
65.049
49.403
20.498
16.463
9.840
3.648
1.302
0.000

Table A8 Nitrate data from experiment 2e at high nitrate concentration
Days
1.30
2.30
3.30
4.30
5.10
6.30
7.30
8.30
9.30
10.00

0
229.887
157.637
48.335
23.264
0.832
0.000
0.000
0.000

Salinity (ppt)
5
15
210.681 250.000
230.421 249.433
50.260 121.847
5.150
32.512
0.800
8.487
0.000
0.000
0.000
0.806
0.000
0.000
0.000
0.000

30
250.000
206.865
74.701
57.124
18.769
16.463
9.446
3.387
1.117
0.000

Table A 9 Denitrification rates at all salinities at 50 ppm NO3-N initial concentration with
media MBX W (experiment 2)

Series
1
2
3
Average
St. dev.

Denitrification rates (kg- NO3-N/m3day)
0 ppt
5 ppt 15 ppt
30 ppt
2.32
1.46
2.66
2.21
2.93
3.63
2.82
2.84
1.9
2.38
4.1
3.73
2.38
2.49
3.19
2.94
0.514
1.09
0.79
0.76
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Exp 1a

Exp 1b
60

60

50
NO3-N (mg/l)

NO3-N (mg/l)

50
40
30
20

40
30
20
10

10

0

0
0

1

2

3

4

5

6

7

0

8

1

2

0 ppt

3

4

5

Days

Days
5 ppt

15 ppt

0 ppt

30 ppt

5 ppt

15 ppt

30 ppt

Exp 1c
60

NO3-N (mg/l

50

Figure A1 Nitrate concentrations
vs. time for experiment 2 with
initial NO3-N concentration of 50
mg/l and for salinities of 0, 5, 15
and 30 ppt.
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Appendix B: Microphotographs of PHA Media Used in the
Denitrification Experiments
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MBX W pellet in original condition, before the denitrification process

MBX W pellet after six days in the denitrification reactor.
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MBX W pellet showing the irregularities of the pellet after six days in the denitrification
reactors

MBX W pellet after six days in the denitrification reactor, showing the growth of bacteria
and fungus in strands
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MBX W showing the bacteria in the biofilm, close to the plastic media

MBX W showing the irregular thickness and distribution of the biofilm
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Irregular deposits over the biofilm with bacteria on the surface. This deposits were
observed mainly in the media used at 15 and 30 ppt salinity, although they were formed
sometimes in lower salinity.

Irregular deposits over the biofilm with bacteria on the surface. It is possible that this
deposits are formed when the biofilm is detached from the media and grows irregularly
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TGA of MBX A .Original sample before denitrification.

TGA of MBX B. Original sample before denitrification
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TGA of MBX C. Original sample before denitrification

TGA of MBX W Original sample before denitrification
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TGA of MBX A after the denitrification process

TGA of MBX B after the denitrification process

115

TGA of MBX C after the denitrification process

TGA of MBX W after the denitrification process
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DSC of MBX A. Original sample before the denitrification process

Comparative DSC of MBX W Original and degraded sample (graph of individual peaks
are shown in the main text).

117

Appendix C: Program Listing for Stella™ Model
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Culture Tank
Ntank(t) = Ntank(t - dt) + (Nfilterout + Nitrate_input - ntankout) * dt
INIT Ntank = Initial_N_mass_in_tank
INFLOWS:
Nfilterout = QN_5
Nitrate_input = 0
OUTFLOWS:
ntankout = Nin*Q
Otank(t) = Otank(t - dt) + (aeration + Oxigexcess - O_to_filter) * dt
INIT Otank = Oinit*Tank_volume
INFLOWS:
aeration = aercoeff*(7-Otankconc)
Oxigexcess = O_to_tank
OUTFLOWS:
O_to_filter = Otankconc*Q
aercoeff = .2
Initial_N_mass_in_tank = Ninitconc*Tank_volume
Nin = Ntank/Tank_volume
Ntank_conc = Ntank/Tank_volume
Otankconc = Otank/Tank_volume
Surface_area_oxig = 200
Tank_volume = 40
Dataset1 = GRAPH(TIME)
(0.00, 53.1), (1.00, 52.1), (2.00, 52.8), (3.00, 45.9), (4.00, 24.8), (5.00, 6.00), (6.00, 0.00)
Dataset2 = GRAPH(TIME)
(0.00, 51.4), (1.00, 49.4), (2.00, 52.5), (3.00, 48.6), (4.00, 32.4), (5.00, 24.1), (6.00, 18.5)
Dataset_3 = GRAPH(TIME)
(0.00, 54.1), (1.00, 51.1), (2.00, 53.2), (3.00, 40.1), (4.00, 10.6), (5.00, 0.00)
dataset_4 = GRAPH(TIME)
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(0.00, 51.4), (1.00, 50.0), (2.00, 49.4), (3.00, 20.5), (4.00, 16.5), (5.00, 9.84), (6.00, 3.65),
(7.00, 1.30)
Not in a sector
N(t) = N(t - dt) + (QNi - QN - TN) * dt
INIT N = initial_N_mass_in_filter
INFLOWS:
QNi = Nin*Q
OUTFLOWS:
QN = Nconc*Q
TN = VDRmax*PHA1*Nswitch*Oanaerobswitch*Xswitch
N_2(t) = N_2(t - dt) + (QNi_2 - QN_2 - TN_2) * dt
INIT N_2 = initial_N_mass_in_filter_2
INFLOWS:
QNi_2 = QN
OUTFLOWS:
QN_2 = Nconc_2*Q
TN_2 = VDRmax*PHA1_2*Nswitch_2*Oanaerobswitch_2*Xswitch_2
N_3(t) = N_3(t - dt) + (QNi_3 - QN_3 - TN_3) * dt
INIT N_3 = initial_N_mass_in_filter_3
INFLOWS:
QNi_3 = QN_2
OUTFLOWS:
QN_3 = Nconc_3*Q
TN_3 = VDRmax*PHA1_3*Nswitch_3*Oanaerobswitch_3*Xswitch_3
N_4(t) = N_4(t - dt) + (QNi_4 - QN_4 - TN_4) * dt
INIT N_4 = initial_N_mass_in_filter_4
INFLOWS:
QNi_4 = QN_3
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OUTFLOWS:
QN_4 = Nconc_4*Q
TN_4 = VDRmax*PHA1_4*Nswitch_4*Oanaerobswitch_4*Xswitch_4
N_5(t) = N_5(t - dt) + (QNi_5 - QN_5 - TN_5) * dt
INIT N_5 = initial_N_mass_in_filter_5
INFLOWS:
QNi_5 = QN_4
OUTFLOWS:
QN_5 = Nconc_5*Q
TN_5 = VDRmax*PHA1_5*Nswitch_5*Oanaerobswitch_5*Xswitch_5
O2(t) = O2(t - dt) + (QOin - Otosecondslice - To) * dt
INIT O2 = Ofilter
INFLOWS:
QOin = O_to_filter
OUTFLOWS:
Otosecondslice = oconc*Q
To = VORmax*PHA1*Oaerobic_switch*Xswitch
O2_2(t) = O2_2(t - dt) + (QOin_2 - Otothirdslice - To_2) * dt
INIT O2_2 = Ofilter_2
INFLOWS:
QOin_2 = Otosecondslice
OUTFLOWS:
Otothirdslice = oconc_2*Q
To_2 = VORmax*PHA1_2*Oaerobic_switch_2*Xswitch_2
O2_3(t) = O2_3(t - dt) + (QOin_3 - Otofourthslice - To_3) * dt
INIT O2_3 = Ofilter_3
INFLOWS:
QOin_3 = Otothirdslice
OUTFLOWS:
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Otofourthslice = oconc_3*Q
To_3 = VORmax*PHA1_3*Oaerobic_switch_3*Xswitch_3
O2_4(t) = O2_4(t - dt) + (QOin_4 - Otofifth_slice - To_4) * dt
INIT O2_4 = Ofilter_4
INFLOWS:
QOin_4 = Otofourthslice
OUTFLOWS:
Otofifth_slice = oconc_4*Q
To_4 = VORmax*PHA1_4*Oaerobic_switch_4*Xswitch_4
O2_5(t) = O2_5(t - dt) + (QOin_5 - O_to_tank - To_5) * dt
INIT O2_5 = Ofilter_5
INFLOWS:
QOin_5 = Otofifth_slice
OUTFLOWS:
O_to_tank = oconc_5*Q
To_5 = VORmax*PHA1_5*Oaerobic_switch_5*Xswitch_5
PHA(t) = PHA(t - dt) + (PHA_add - Aerobcons - Anaerobcons) * dt
INIT PHA = (PHAinit*(100-porepercent)*1.25*1000)/100
INFLOWS:
PHA_add = 0
OUTFLOWS:
Aerobcons = PHAo*(To+To_2+To_3+To_4+To_5)
Anaerobcons = PHAn*(TN+TN_2+TN_3+TN_4+TN_5)
Xt(t) = Xt(t - dt) + (anaerobgrowth + Aerobgrowth - Decay) * dt
INIT Xt = Initial_bacteria
INFLOWS:
anaerobgrowth = TN*Yn
Aerobgrowth = To*Yo
OUTFLOWS:
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Decay = Xt*Kd
Xt_2(t) = Xt_2(t - dt) + (anaerobgrowth_2 + Aerobgrowth_2 - Decay_2) * dt
INIT Xt_2 = Initial_bacteria
INFLOWS:
anaerobgrowth_2 = TN_2*Yn
Aerobgrowth_2 = To_2*Yo
OUTFLOWS:
Decay_2 = Xt_2*Kd
Xt_3(t) = Xt_3(t - dt) + (anaerobgrowth_3 + Aerobgrowth_3 - Decay_3) * dt
INIT Xt_3 = Initial_bacteria
INFLOWS:
anaerobgrowth_3 = TN_3*Yn
Aerobgrowth_3 = To_3*Yo
OUTFLOWS:
Decay_3 = Xt_3*Kd
Xt_4(t) = Xt_4(t - dt) + (anaerobgrowth_4 + Aerobgrowth_4 - Decay_4) * dt
INIT Xt_4 = Initial_bacteria
INFLOWS:
anaerobgrowth_4 = TN_4*Yn
Aerobgrowth_4 = To_4*Yo
OUTFLOWS:
Decay_4 = Xt_4*Kd
Xt_5(t) = Xt_5(t - dt) + (anaerobgrowth_5 + Aerobgrowth_5 - Decay_5) * dt
INIT Xt_5 = Initial_bacteria
INFLOWS:
anaerobgrowth_5 = TN_5*Yn
Aerobgrowth_5 = To_5*Yo
OUTFLOWS:
Decay_5 = Xt_5*Kd
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CRSarea = ((5/2)^2)*PI
Depthini = PHAinit/CRSarea
FiltWvol = porepercent*VPHA
Initial_bacteria = .01
initial_N_mass_in_filter = Ninitconc*SliceWV
initial_N_mass_in_filter_2 = Nconc*SliceWV_2
initial_N_mass_in_filter_3 = Ninitconc*SliceWV_3
initial_N_mass_in_filter_4 = Ninitconc*SliceWV_4
initial_N_mass_in_filter_5 = Ninitconc*SliceWV_5
K'o = .8
Kd = .02
Kn = 10.3
Ko = .5
Kx = .8
Nconc = N/SliceWV
Nconc_2 = N_2/SliceWV_2
Nconc_3 = N_3/SliceWV_3
Nconc_4 = N_4/SliceWV_4
Nconc_5 = N_5/SliceWV_5
Ninitconc = 51.43
Nswitch = Nconc/(Kn+Nconc)
Nswitch_2 = Nconc_2/(Kn+Nconc_2)
Nswitch_3 = Nconc_3/(Kn+Nconc_3)
Nswitch_4 = Nconc_4/(Kn+Nconc_4)
Nswitch_5 = Nconc_5/(Kn+Nconc_5)
Oaerobic_switch = if(oconc>0)then(oconc/(Ko+oconc))else 0
Oaerobic_switch_2 = oconc_2/(Ko+oconc_2)
Oaerobic_switch_3 = oconc_3/(Ko+oconc_3)
Oaerobic_switch_4 = oconc_4/(Ko+oconc_4)
Oaerobic_switch_5 = oconc_5/(Ko+oconc_5)
Oanaerobswitch = K'o/(K'o+oconc)
Oanaerobswitch_2 = K'o/(K'o+oconc_2)
Oanaerobswitch_3 = K'o/(K'o+oconc_3)
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Oanaerobswitch_4 = K'o/(K'o+oconc_4)
Oanaerobswitch_5 = K'o/(K'o+oconc_5)
oconc = O2/SliceWV
oconc_2 = O2_2/SliceWV_2
oconc_3 = O2_3/SliceWV_3
oconc_4 = O2_4/SliceWV_4
oconc_5 = O2_5/SliceWV_5
Ofilter = Oinit*SliceWV
Ofilter_2 = Oinit*SliceWV_2
Ofilter_3 = Oinit*SliceWV_3
Ofilter_4 = Oinit*SliceWV_4
Ofilter_5 = Oinit*SliceWV_5
Oinit = 5.5
PHA1 = If(VPHA>(CRSarea*Slice))then(CRSarea*Slice) else (VPHA)
PHA1_2 = If(VPHA>(2*(CRSarea*Slice)))then(CRSarea*Slice) else(if
(VPHA)>=(CRSarea*Slice)then(VPHA-(CRSarea*Slice))else 0)
PHA1_3 = If(VPHA>=(3*(CRSarea*Slice)))then(CRSarea*Slice) else(if
(VPHA)>=(2*CRSarea*Slice)then(VPHA-(2*CRSarea*Slice))else 0)
PHA1_4 = If(VPHA>=(4*(CRSarea*Slice)))then(CRSarea*Slice) else(if
(VPHA)>=(3*CRSarea*Slice)then(VPHA-(3*CRSarea*Slice))else 0)
PHA1_5 = If(VPHA>=(5*(CRSarea*Slice)))then(CRSarea*Slice) else(if
(VPHA)>=(4*CRSarea*Slice)then(VPHA-(4*CRSarea*Slice))else 0)
PHAinit = 450
PHAn = 2.92
PHAo = 20.5
porepercent = 44
Q = .080*60*24
Slice = 0.2 * (PHAinit/CRSarea)
SliceWV = CRSarea*porepercent*Slice/100
SliceWV_2 = CRSarea*porepercent*Slice/100
SliceWV_3 = CRSarea*porepercent*Slice/100
SliceWV_4 = CRSarea*porepercent*Slice/100
SliceWV_5 = CRSarea*porepercent*Slice/100
VDRmax = 12
125

VORmax = 7
VPHA = (PHA/.56)/(1.25*1000)
Xswitch = XtConc/(Kx+XtConc)
Xswitch_2 = XtConc_2/(Kx+XtConc_2)
Xswitch_3 = XtConc_3/(Kx+XtConc_3)
Xswitch_4 = XtConc_4/(Kx+XtConc_4)
Xswitch_5 = XtConc_5/(Kx+XtConc_5)
XtConc = Xt/SliceWV
XtConc_2 = Xt_2/SliceWV_2
XtConc_3 = Xt_3/SliceWV_3
XtConc_4 = Xt_4/SliceWV_4
XtConc_5 = Xt_5/SliceWV_5
Yn = .4
Yo = .45
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Appendix D: Model Outputs and Sensitivity Analyses
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Sensitivity analysis for nitrate concentration on the Culture tank
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Sensitivity analysis for PHA consumption
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Calibration and validation datasets and the model predictions
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